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ABSTRACT 
 The Sargasso Sea is a dynamic physical environment located in the western North 
Atlantic where strong seasonal variability combines with forcing by mesoscale (~100 
km) eddies. These drivers determine nutrient, light, and temperature regimes, and 
ultimate the size, composition and productivity of the phytoplankton community. My 
general objective was to determine how the structure and function of planktonic 
communities affected carbon export from the surface ocean in the Sargasso Sea. On four 
cruises (2011 and 2012; one eddy per cruise), I investigated links between water column 
structure, plankton community composition, size, and primary production (PP). I then 
combined PP data with rates of zooplankton grazing, bacterial production, and carbon 
export into inverse food web models that reconstructed the major flows of carbon within 
the Sargasso Sea ecosystem. The major findings of my thesis were: 
(1) There were substantial effects of mesoscale and sub-mesoscale forcing on 
phytoplankton community composition: downwelling (in anticyclones) was associated 
with enhanced cyanobacteria abundances, while upwelling (in cyclones) resulted in 
enhanced eukaryote carbon biomass.  
(2) Contributions to phytoplankton biomass were not always proportional to total PP. The 
picophytoplankton (0.7 – 2 m) contributed 53% or more of total integrated biomass (as 
chlorophyll-a) and 46% or more of total PP; microphytoplankton (20 – 200 m) 
contributed only 22% of the biomass, but accounted for 38% of the PP. 
 vi 
(3) Microbial pathways dominated carbon flows through our food webs at all times. Due 
to the relatively low abundance of large phytoplankton prey, the mesozooplankton 
consumed mostly microzooplankton (47 – 83% of their diet). The majority of carbon 
being exported from the ecosystem originated with the picophytoplankton via the 
microbial loop. 
The robustness of my models relied on our field data that characterized multiple food 
web interactions involving various plankton size classes taken from the same depths, and 
geographical locations. Ultimately, my findings emphasize the importance of considering 
the myriad export pathways of picoplankton carbon as the abundance of this size class is 
predicted to increase under future climate change scenarios. 
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CHAPTER 1 
GENERAL INTRODUCTION 
 
1.1 BACKGROUND 
The biological carbon pump describes the complex interactions in the ocean surface 
responsible for the draw-down of inorganic carbon from the atmosphere and eventual 
export to depth as particulate (POC) or dissolved (DOC) organic carbon. This process 
begins when inorganic carbon (CO2) is assimilated by phytoplankton that convert the 
CO2 into organic carbon via photosynthesis. Following this transformation, organic 
carbon is modified through trophic interactions and is exported from the sunlit surface 
layer (euphotic zone) to depth. Approximately 2.5 Pg C yr
-1 
is effectively trapped in the 
ocean depths via this process (Gruber and Sarmiento 2002). As man-made contributions 
to atmospheric CO2 continue to rise, researchers look to the ocean’s ability to sequester 
carbon as a way to mitigate CO2 effects on global climate (Sarmiento et al. 1995). Open-
ocean regions are promising for carbon sequestration as they fix approximately 1.5 PgC 
yr
-1
, or 60% of global carbon exported (Lomas et al. 2010). While the open-ocean has the 
potential to transport a large amount of carbon to depth, the rate of export is dependent on 
the composition and trophic interactions of the plankton community at the surface.
 2 
 
Phytoplankton communities in subtropical gyres 
Subtropical gyres are large open-ocean regions that are classified as oligotrophic, 
with low production and nutrient concentrations in the euphotic zone and a phytoplankton 
community dominated by picophytoplankton (0.7 - 2µm). The composition of the 
phytoplankton community is controlled, in part, by available nutrient concentrations in 
the euphotic zone because different sizes and taxa of phytoplankton have differing 
nutrient requirements. Eukaryotes have higher per cell carbon fixation rates than the 
cyanobacteria and compete well for nutrients at high concentrations (Grob et al. 2011). 
However, cyanobacteria dominate the biomass and productivity in subtropical gyres due 
to their ability to uptake nutrients efficiently at low concentrations due to their higher cell 
surface-to-volume ratio (Chisholm 1992). The dominant group of picophytoplankton 
contains the cyanobacteria but also a diverse array of eukaryotes including, most notably, 
prymnesiophytes, pelagophytes and prasinophytes. Despite being less abundant than the 
cyanobacteria, picoeukaryotes have high per cell carbon fixation rates, making them a 
potentially important and poorly understood component of the food web (Li 1994; 
Jardillier et al. 2010). While the flow of carbon through the biological carbon pump 
begins with the phytoplankton, there are several pathways by which carbon can exit the 
euphotic zone. Classical reasoning states that large, negatively buoyant phytoplankton, 
such as diatoms and coccolithophores, despite being less abundant, contribute 
disproportionately to export flux due to their high rates of primary productivity and fast 
sinking rates (Smayda 1970; Armstrong et al. 2002). These species are also readily 
grazed by mesozooplankton (200 – 1000 m) and make contributions to POC export 
through fecal pellets (Eppley and Peterson 1979). Recent studies have shown evidence of 
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an alternative mechanism of carbon export mediated by picophytoplankton (Richardson 
and Jackson 2007; Lomas and Moran 2011). Individual, un-ballasted, picoplankton cells 
do not sink rapidly, but have increased sinking rates through aggregation (Jackson 1990). 
These aggregates have been implicated in the diets of mesozooplankton whose fecal 
pellets transport picoplankton carbon out of the euphotic zone (Urban et al. 1993; Wilson 
and Steinberg 2010). Individual picoplankton are also caught by mucous nets of grazing 
gelatinous macrozooplankton and re-packaged in discarded feeding nets and/or large 
fecal pellets (Lampitt 1992; Waite et al. 1992; Sutherland et al. 2010). Since picoplankton 
are the dominant primary producers in the open-ocean their contributions to carbon 
export through these mechanisms are likely to be substantial. Several decades of research 
at the Bermuda Atlantic Time Series site (BATS) have shown increased 
picophytoplankton biomass coincident with increased POC flux (Lomas et al. 2010). 
 
Mesoscale eddies and phytoplankton productivity 
While nutrient concentrations are often low, favoring the picocyanobacteria, 
subtropical gyres do experience pulses of nutrient enrichment which initiate 
phytoplankton blooms, and have the potential to increase biomass of eukaryotes. The 
annual spring bloom in the North Atlantic is a classic example but studies have also 
shown nutrient pulses of up to one-third the annual nutrient requirements independent of 
this seasonal event (McGillicuddy et al. 1998). In the Sargasso Sea, these episodic 
nutrient pulses occur as a result of the dynamic eddy field that exists in subtropical gyres 
(McGillicuddy and Robinson 1997; McGillicuddy et al. 1998; Siegel et al. 1999; 
Sweeney et al. 2003; McGillicuddy et al. 2007). Eddies are mesoscale anomalies (100km 
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diameter) caused locally by baroclinic instabilities and wind stress and non-locally by 
instabilities associated with strong boundary currents (Arbic and Flierl 2004). These 
anomalies propagate across the subtropical gyre for weeks to months. In the northern 
hemisphere, cyclonic eddies spin counter-clockwise which uplifts density layers 
(isopycnals) during formation and intensification, causing upwelling of nutrient-rich 
subsurface water. As cyclonic eddies encounter prolonged wind-stress and spin-down 
their density layers deepen and result in downwelling. Therefore, blooms associated with 
cyclonic eddies are ephemeral and not associated with a shift in the phytoplankton 
community composition (McGillicuddy et al. 2007). Northern hemisphere anticyclonic 
eddies spin clockwise which results in suppression of isopycnals and an overall 
downwelling of surface waters. During the intensification phase, productivity is 
decreased and the potential exists for rapid export via downwelling. Special cases of 
anticyclones, or mode-water eddies, are characterized by a lens of 18° mode-water which 
uplifts the seasonal isopycnal, driving upwelling of nutrients as in cyclonic eddies. 
However, unlike cyclonic eddies, mode-water eddies are linked to long-term blooms of 
large cells, principally diatoms (McGillicuddy et al. 2007). As anticyclones age, surface 
waters interact with overlying wind-stress thus promoting divergence, and upwelling, at 
their cores (Anderson et al. 2011). This second cause of upwelling prolongs blooms in 
mode-water eddies, and shifts the community to eukaryote-dominated. The increased 
bloom period also allows for a sustained food web response which results in more 
efficient remineralization of much of the excess organic carbon, resulting in a lower POC 
flux then usual (McGillicuddy et al. 2007). The effect of eddies on the food web in 
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subtropical gyres is varied, as they alter the nutrient, light and temperature regime, 
mitigating the impact water column stratification has on planktonic communities. 
 
1.2 OBJECTIVES AND RATIONALE 
The objective of my dissertation is to examine the role of picophytoplankton in carbon 
cycling and export in the Sargasso Sea. The Sargasso Sea is an open-ocean subtropical 
ecosystem in the North Atlantic and is an ideal place for my research because it has been 
studied extensively for several decades at BATS (Steinberg et al. 2001).  Long-term 
measurements from BATS are used as comparison for my findings in order to scrutinize 
the validity of my experimental outcomes. The Sargasso Sea has an active mesoscale 
eddy field that provides a natural laboratory for the examination of carbon cycling within 
food webs of varying plankton structure and trophic dynamics. 
This research is relevant to the topic of climate change, as we still understand very 
little about how exactly that change will impact marine ecosystems (Hare et al., 2007). 
We expect open-ocean environments will experience rising temperatures in surface 
waters, leading to increased stratification, and the concurrent accumulation of CO2 
(Arrigo et al. 1999; Bopp et al. 2001; Tortell et al. 2002). How ecosystems respond to 
these and other changes will have consequences for the efficiency of the biological 
carbon pump in exporting carbon to depth (Buesseler et al. 2009). Results of the Oceanic 
Biogeochemical Model (OBM) suggests that as CO2 rises in the atmosphere, the ocean 
will uptake less CO2 due to increased stratification (Sarmiento et al. 1998). However, 
these models provide a narrow view of the biological community, with little or no 
emphasis on plankton diversity (Bopp et al. 2005). As discussed in the previous section, 
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the plankton community plays a very important role in determining the magnitude of 
carbon exported. Therefore, any prediction of how climate change will impact carbon 
sequestration requires a mechanistic understanding of how the plankton community 
functions. Research has already shown that increased dissolved CO2 impacts the 
phytoplankton community structure differently depending on the nutrient regime, though 
picoplankton are still favored in oligotrophic regions (Tortell et al. 2002; Riebesell 2007). 
Some research suggests an increase in gelatinous zooplankton biomass may be linked to 
anthropogenic causes, though their grazing impact on phytoplankton populations is 
poorly quantified (Condon et al. 2012). Since picophytoplankton are the major players in 
carbon cycling in the Sargasso Sea, understanding their contribution to export is an 
increasingly important topic of study because they continue to be favored in climate 
change scenarios. 
In my dissertation, I first address the taxonomic diversity of the entire phytoplankton 
community along individual cruise transects. In this chapter I also evaluate how various 
environmental parameters, such as temperature and nutrient concentrations, vary in 
eddies and outside. In the following chapter, I evaluate how total phytoplankton biomass 
and production is partitioned into the different size fractions. I also consider whether size-
fractionated measurements of biomass are proportional to contributions to primary 
production. In my final chapter I utilize the entire Trophic-BATS dataset in order to 
construct planktonic food web models. Using the combination of empirical data and 
modeling techniques I follow fixed carbon throughout the biological pump, from the 
phytoplankton to where it exits the system, either via respiration, advection or particle 
export. 
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CHAPTER 2 
MESOSCALE AND SUB-MESOSCALE VARIABILITY IN 
PHYTOPLANKTON COMMUNITY COMPOSITION IN THE 
SARGASSO SEA
1
 
2.1 ABSTRACT 
The Sargasso Sea is a dynamic physical environment in which strong seasonal variability 
combines with forcing by mesoscale (~ 100 km) eddies. These drivers determine nutrient, 
light, and temperature regimes and, ultimately, the composition and productivity of the 
phytoplankton community. On four cruises (2011 and 2012; one eddy per cruise), we 
investigated links between water column structure and phytoplankton community 
composition in the Sargasso at a range of time and space scales. On all cruises, 
cyanobacteria (Prochlorococcus and Synechococcus) dominated the phytoplankton 
numerically, while haptophytes were the dominant eukaryotes (up to 60% of total chl-a). 
There were substantial effects of mesoscale and sub-mesoscale forcing on phytoplankton 
community composition in both spring and summer. Downwelling (in anticyclones) 
resulted in Prochlorococcus abundances that were 22-66% higher than at ‘outside’ 
stations. Upwelling (in cyclones) was associated with significantly higher abundances
                                                          
1
 Cotti-Rausch BE, Lomas MW, Lachenmyer EM, Goldman EA, Bell DW, Goldberg SR, Richardson TL 
(2016) Deep Sea Res I 110:106-122. Reprinted here with permission of publisher. 
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 and POC biomass of nanoeukaryotes. In general, however, each eddy had its own unique 
characteristics. The center of anticyclone AC1 (spring 2011) had the lowest 
phytoplankton biomass (chl-a) of any eddy we studied and had lower nitrate + nitrite 
(N+N <5 mmol m
-2
) and eukaryote chl-a biomass as compared to its edge and to the 
Bermuda Atlantic Time-Series station (BATS). At the center of cyclone C1 (summer 
2011), we observed uplift of the 26.5 kg m
-3
 isopycnal and high nutrient inventories 
(N+N = 74 ± 46 mmol m
-2
). We also observed significantly higher haptophyte chl-a 
(non-coccolithophores) and lower cyanobacterial chl-a at the center and edge of C1 as 
compared to outside the eddy at BATS. Cyclone C2 (spring 2012) exhibited a deep 
mixed layer, yet had relatively low nutrient concentrations. We observed a shift in the 
taxonomic composition of haptophytes between a coccolithophore-dominated community 
in C2 (98% of total haptophyte chl-a) and a non-coccolithophore community at BATS. In 
summer 2012, downwelling associated with anticyclone AC2 occurred at the edge of the 
eddy (not at the center), where AC2 interacted with a nearby cyclone. At the edge, we 
found significantly lower Synechococcus abundances and higher eukaryote chl-a 
compared to the center of AC2 and BATS. These along-transect nuances demonstrate the 
significance of small-scale perturbations that substantially alter phytoplankton 
community structure. Therefore, while seasonality in the North Atlantic is the primary 
driver of broad-scale trends in phytoplankton community composition, the effects of 
transient events must be considered when studying planktonic food webs and 
biogeochemical cycling in the Sargasso Sea. 
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2.2 INTRODUCTION 
The Sargasso Sea is an oligotrophic region of the subtropical western North Atlantic. On 
a seasonal basis, storm events in winter and early spring mix the water column to as deep 
as 400 m while thermal stratification in summer reduces the mixed layer to as shallow as 
10 m (Michaels & Knap 1996; Steinberg et al. 2001; Lomas et al. 2013). Overlaying the 
seasonal pattern of convection are mesoscale eddies (~100 km) (Richardson 1993). 
Eddies disrupt the vertical structure of the water column and isolate water masses 
(Falkowski et al. 1991; McGillicuddy et al. 1998). Anticyclones (warm-core eddies) spin 
clockwise and are identified by a positive sea level anomaly (SLA) caused by surface 
convergence of low-density water that drives downwelling in the core (McGillicuddy et 
al. 1998). As downwelled water is usually low in nutrients, anticyclones are thought to 
have little to no impact on microbial biomass or biogeochemical cycles (McGillcuddy et 
al. 1998; Sweeney et al. 2003). Anticyclones harbor microbial food webs with high rates 
of recycling and low rates of particulate matter export (Mouriño-Carballido & 
McGillicuddy 2006). Cyclones (cold-core eddies) spin counter-clockwise and are 
identified by a negative SLA caused by surface divergence that elevates isopycnals and 
drives upwelling (McGillicuddy & Robinson 1997; McGillicuddy et al. 1998). Cyclones 
may stimulate phytoplankton growth through nutrient injection, thereby leading to 
biomass accumulation and enhanced productivity (Bibby et al. 2008). Clockwise rotating 
mode-water eddies (positive SLA) characterized by “lensing” of 18°C mode-water near 
the surface, result in upwelling (McGillicuddy et al. 1999) that can uplift the permanent 
thermocline and stimulate blooms of large phytoplankton (McGillicuddy et al. 2007). 
Blooms of larger phytoplankton, specifically diatoms, may occur due to eddy mixing and 
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have been estimated to 35-50% of new production in the region (Goldman & 
McGillicuddy 2003). These blooms are short-lived, as nutrients are utilized quickly by 
the resident phytoplankton (Krause et al. 2009; Lomas et al. 2009). The Sargasso Sea 
EDDIES project found a mode-water induced eddy diatom bloom resulted in lower 
particulate carbon export than outside, suggesting rapid turnover of the diatom biomass 
within the euphotic zone (McGillicuddy et al. 2007).  
Sub-mesoscale processes, especially along fronts and eddy-eddy interaction 
zones, also lead to mixing events (Lévy et al. 2001; Klein & Lapeyre 2009). These events 
occur on timescales of hours to days (Owen 1981) and result in upwelling “hot-spots” 
(Klein et al. 2008). Phytoplankton communities can respond rapidly to the introduced 
nutrients (Krause et al. 2009) and modify their pigment composition in response to a 
changing light field on timescales of hours (Lewis & Smith 1983). Therefore, sub-
mesoscale mixing events can be associated with increased biological activity (Owen 
1981; Lévy et al. 2001; Klein & Lapeyre 2009). 
Research at the Bermuda Atlantic Time-series Study (BATS) site have provided 
much information on the structure of the Sargasso Sea phytoplankton community on 
monthly, annual and multi-year basis (e.g., Michaels & Knap 1996; Steinberg et al. 2001; 
Lomas et al. 2013). The most prevalent phytoplankton in the Sargasso Sea are the 
picophytoplankton (0.2-2 m) that typically dominate cell abundances, chlorophyll-a 
(chl-a) biomass and primary productivity (DuRand et al. 2001). In winter, the 
cyanobacterium Synechococcus dominates cell abundances (3.3 - 5.6 x 10
4
 cells ml
-1
; 
Durand et al. 2001) while in summer and fall, the cyanobacterium Prochlorococcus is the 
most abundant (1.5 - 2.6 x 10
5
 cells ml
-1
; DuRand et al. 2001). Picoeukaryotes are 
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numerically less abundant than the cyanobacteria, but are larger (Worden et al. 2004) and 
have cell quotas of carbon (C) that are an order of magnitude greater than the 
cyanobacteria (2000-6000 fg C cell
-1
; Casey et al. 2013). On average, the relative 
contributions of each of these three picophytoplankton taxa to carbon-based biomass are 
similar to within a factor of two (DuRand et al. 2001; Casey et al. 2013). Picoeukaryote C 
biomass is greatest during mixing events, presumably when nutrient inputs are higher 
(Casey et al. 2013). Picoeukaryotes may be responsible for up to 68% of total primary 
productivity in the North Atlantic (Li 1994; Jardillier et al. 2010). These eukaryote 
communities are largely comprised of non-calcified haptophytes (Cuvelier et al. 2010; 
Treusch et al. 2012) and prasinophytes (>1000 cells ml
-1
, DuRand et al. 2001). 
Observations at BATS have found contributions of eukaryotes (pico- and nano-sized) to 
total phytoplankton C biomass have increased in association with increased mixing 
associated with the North Atlantic Oscillation (Casey et al. 2013).  
Microbial processes dominate food web dynamics in the Sargasso Sea (Carlson et 
al. 1996; Steinberg et al. 2001). Recycled nutrients fuel picophytoplankton productivity 
(Fawcett et al. 2011) though episodic nutrient pulses driven by storms in late winter and 
spring can stimulate growth of large eukaryotic phytoplankton. Spring blooms are 
quickly exported and can account for up to 21% of new production (Lomas et al. 2009). 
Physical forcing by mesoscale eddies has also been shown to result in high rates of 
nutrient influx to the euphotic zone. An estimated 40 - 70% of the annual nitrate budget 
may come from eddy-induced upwelling of deep waters (Arίstegui et al. 1997; 
McGillicuddy et al. 1998). 
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This work was part of a larger study of carbon cycling within Sargasso Sea food 
webs (see http://www.msci.sc.edu/trophic_bats). Our first step towards constructing 
models of Sargasso Sea food webs was to examine the scales of variability of 
phytoplankton community composition within the Sargasso Sea, recognizing that the 
presence of mesoscale eddies results in a high degree of heterogeneity in phytoplankton 
community composition. In this manuscript we characterize phytoplankton community 
composition along transects from the center of an eddy to the BATS station, using the 
physical environment as a natural laboratory for studying scales of variability in 
community structure. We also assessed temporal variability by sampling in different 
seasons (spring, summer) for two successive years. We hypothesized that along-transect 
differences in community composition could be as great within a cruise as between 
cruises in different seasons. 
 
2.3 MATERIALS AND METHODS 
Study Site Description 
Data were collected on four cruises in the Sargasso Sea (Table 2.1) and four eddies 
sampled in total (2 anticyclones and 2 cyclones). Eddies were identified using satellite-
derived SLA data provided by Drs. Valery Kosnyrev and Dennis McGillicuddy of Woods 
Hole Oceanographic Institution. On all but one cruise (AE1206), sampling was 
conducted at three stations: at the center of a mesoscale eddy, the approximate edge of an 
eddy, and the BATS site (Table 2.1). Target eddies (one per cruise) were initially 
identified on the day of departure and the ship’s position within the eddy (in the center or 
at the edge, as appropriate) was confirmed by daily checks of SLA data. The 
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identification of eddy edges and centers was by eye using SLA maps. Coordinates for the 
center of eddies were identified as the latitude and longitude of the center of the “bulls 
eye” of a cyclone or anticyclone as seen in the satellite altimetry data. As the altimetry 
data are interpolated in areas between satellite passes, the identification of ‘center’ was 
always approximate. Similarly, we defined the edge of an eddy as a station as far as 
possible from the eddy ‘center’, but still within the interpolated structure/color code of 
the altimetry. In all cases, we targeted stations for which ‘real data’ existed from a 
satellite pass through the target area. In each year, both an anticyclone (AC) and cyclone 
(C) were sampled: AC1 (Feb-March 2011), C1 (July-Aug 2011), C2 (March 2012), and 
AC2 (July 2012). 
 
Sampling and measurements 
At each station, high-resolution “core” CTD casts (to either 500 m or 2000 m 
depending on the day’s required sampling) were performed at mid-day to measure core 
physical, chemical and biological parameters of the water column. Casts were also 
performed before dawn at each station for size-fractionated biomass and primary 
productivity experiments, complete results of which will be presented in a separate 
publication. Additional “deep” casts (>1000 m) were performed when sampling time 
permitted at each station. All casts measured vertical profiles of chl-a fluorescence 
(Chelsea-MkIII Aquatracka), temperature (SBE 3-02/F) and salinity (SBE 4-02/0) using a 
Sea Bird CTD (Sea-Bird Electronics, SBE-09 plus). Irradiance profiles on daytime casts 
were collected with a 2π PAR sensor (Biospherical Instruments QSP-2350) mounted to 
the upper frame of the rosette. For core and deep casts, water samples were taken from 
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four to six depths (generally 1, 20, 50, 100, 150, 200 m) and from the fluorescence 
maximum (generally 75, 80 or 90 m) using 12-liter Niskin bottles mounted on a 24-bottle 
CTD rosette (General Oceanics Model 1016-24). Discrete samples for pre-dawn 
“productivity” casts were taken from 3-4 depths (20, 50, 80 and 100 m).  
Water samples were gravity-filtered through a 0.8 µm polycarbonate filter for 
measurements of inorganic nutrients (nitrite + nitrate (N+N), phosphate, and soluble 
reactive phosphorus (SRP)). Samples preserved in paraformaldehyde (0.5% final 
concentration) were used for enumeration of picophytoplankton abundance by flow 
cytometry. In general, all sample collections were performed using BATS methods 
(http://bats.bios.edu/bats_methods.html; see also Lomas et al., 2013). Samples (1 - 2 
liters) for determination of diagnostic photosynthetic pigments by HPLC were collected 
from discrete depths during all casts (core, deep, and productivity) and filtered under 
gentle vacuum onto 0.7 µm Whatman GF/F filters (Pinckney et al. 1996). Each filter was 
folded and placed into a 1.5 ml cryotube and immediately frozen at -80° C. Filters were 
stored at -80° C until analysis as described in the next section. 
 
Analytical Methods 
Nutrients 
Inorganic nutrient analyses (nitrate + nitrite, N+N) were performed by Continuous 
Flow Analysis on a Technicon Auto Analyzer III at the Bermuda Institute of Ocean 
Sciences (Dore et al. 1996). SRP concentrations were analyzed using the Magnesium 
Induced Co-precipitation (MAGIC) method (Karl & Tien 1992; Rimmelin & Moutin 
2005; modified as described in Lomas et al. 2010). 
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HPLC and CHEMTAX analysis 
Samples for HPLC analysis were lyophilized for 24h at -50° C, placed in 90% 
acetone (0.45-0.55 ml), sonicated, and extracted at -20° C for 24 h. Filtered extracts (350 
µl) were injected into a Shimadzu HPLC equipped with a monomeric (Rainin Microsorb-
MV, 0.46 x 10 cm, 3 µm) and a polymeric (Vydac 201TP54, 0.46 x 25 cm, 5 µm) 
reverse-phase C18 column in series. A nonlinear binary gradient consisting of the 
solvents 80% methanol: 20% 0.50 M ammonium acetate and 80% methanol: 20% 
acetone was used for pigment separations (Pinckney et al. 1996). Absorption spectra and 
chromatograms (440 ± 4 nm) were acquired using a Shimadzu SPD-M10av photodiode 
array detector. Pigment peaks were identified by comparison of retention times and 
absorption spectra with pure standards (DHI, Denmark). The synthetic carotenoid β-apo-
8'-carotenal (Sigma) was used as an internal standard. 
HPLC pigments were used for taxonomic identification of phytoplankton groups 
using CHEMTAX software (Mackey et al. 1996). Initial pigment ratios used in the 
CHEMTAX matrix were compiled using Higgins et al. (2011) (Table A.1). Prior to 
CHEMTAX analyses a cluster analysis procedure based on 15 photopigment variables 
was used to define homogeneous groups for separate bins in CHEMTAX analyses (SPSS 
v. 22.0). Two clusters, each containing 139 (8%) and 1572 (92%) of samples were 
constructed. The program was run with an iteration limit of 500. The groups were then 
analyzed using two bins in CHEMTAX to provide estimates of the abundances of seven 
algal groups according to the method developed by Latasa (2007). The initial pigment 
ratio matrix (from Higgins et al. 2011; Table A.1) was applied to each set of binned data, 
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the generated matrix was then applied to the data and run again. A minimum of 10 runs 
was performed on each set of binned data in this manner and was continued until an RMS 
error of <10% was achieved.  
 
Flow cytometry 
Samples fixed with paraformaldehyde were analyzed on a Becton-Dickinson 
Influx cytometer using 488 nm blue excitation laser with chl-a (692 nm) and 
phycoerythrin (580 nm) emission bands. The number of Prochlorococcus (Pro), 
Synechococcus (Syn), picoeukaryotes (Peuks) and nanoeukaryotes (Neuks) were 
enumerated and converted to cell abundances (cells ml
-1
) by the volume-analyzed method 
(Sieracki et al. 1993). Cell abundance and size data were then converted to C biomass (fg 
cell
-1
) using published relationships between cell size and carbon (Casey et al. 2013). 
 
Statistical Analyses 
We determined whether total phytoplankton chl-a biomass (integrated to 100 m) 
varied significantly by location along each transect (center, edge, and the BATS station) 
using a single-factor analysis of variance (ANOVA). For these analyses, we combined 
data from core casts, productivity casts, and deep casts performed at each station. We 
also tested whether phytoplankton community composition varied significantly by 
location (center, edge, and the BATS station) using a multivariate analysis of variance 
(MANOVA). As with the ANOVA, data was pooled from core casts, productivity casts 
and deep casts at each station. A MANOVA was performed on integrated relative and 
absolute chl-a community composition data for each cruise. Flow cytometry data 
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(replicate casts for statistical analyses) were only available for 3 cruises (summer 2011, 
spring 2012 and summer 2012). Group abundances (cells m
-2
) and POC data (mg m
-2
) of 
the picophytoplankton (Pro, Syn and Peuks) and Neuks were tested. Statistical analyses 
were performed using routines in SPSS Software 22.0 (IBM Corporation, Armonk, New 
York). Differences were considered significant when p <0.05. 
 
2.4 RESULTS 
For presentation of results, we grouped physical, chemical, and biological data by eddy: 
AC1 (Figs. 2.1, 2.2), C1 (Figs. 2.3, 2.4), C2 (Figs. 2.5, 2.6), and AC2 (Figs. 2.7, 2.8). 
 
General trends 
The water column was well mixed with MLD 65-340 m (Table 2.1) in the spring, 
especially in 2011 (Fig. 2.1b-d) when high winds and rough sea state forced a halt to 
CTD operations. The water column was strongly stratified, MLD < 35 m at all stations in 
summer (Table 2.1). Surface water temperatures did not exceed 20.5°C in spring, but 
were greater than 26°C in the summer of both years (Figs. 2.3, 2.7a). Euphotic zone 
depths (defined as the depth of 1% surface irradiance) ranged between 93 and 176 m in 
the spring, and 102 to 148 m in the summer of both years. In general, N+N and SRP 
concentrations were low to undetectable at the surface with concentrations increasing 
with depth at all stations and all cruises. For brevity, we show data from three 
representative depths (1 m, chlorophyll maximum, and 150 m). 
Phytoplankton biomass and community composition varied with distance along 
each transect and with season (Table 2.2). Overall, the dominant phytoplankton groups 
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were the cyanobacteria and haptophytes (Figs. 5a-g, 6a-g, 7a-g and 8a-g) with 
Prochlorococcus and Synechococcus dominating picophytoplankton abundances (in cells 
ml
-1
) on each cruise (Figs. 2.5h-i, 2.6h-i, 2.7h-i and 2.8h-i). Due to the low abundance of 
pico- and nanoeukaryotes compared to the cyanobacteria they are reported as a total 
(“Euks”) in our figures. In addition to cyanobacteria and haptophytes, we observed 
variable contributions by prasinophytes and dinoflagellates (Figs. 2.5a-g, 2.6a-g, 2.7a-g 
and 2.8a-g). Together, these four algal groups comprised 70 - 100% of total integrated 
chl-a biomass on all cruises. Cryptophytes were identified (by CHEMTAX) at multiple 
depths on both spring cruises (Figs. 2.5a-g and 2.7a-g). Overall, the highest values for 
integrated chl-a biomass were observed at the edge of eddy AC1 and at BATS in spring 
2011 (Fig. 2.5f), and at the center of eddy C2 in spring 2012 (Fig. 2.7f; Table 2.2). 
 
Spring 2011 Eddy AC1 
In spring 2011, anticyclone (AC1) was sampled and the eddy center was located 
215 km south of BATS (Fig. 2.1a). In AC1 surface waters were warmer at the center and 
edge of the eddy (20.5°C) and these warm waters extended to 200 m (MLD) as compared 
to the BATS station (19.5 °C) (Fig. 2.1b). This mixing is also apparent in the salinity 
profile where less saline water was found at depth (Fig. 2.1c). Mixed layer depths in the 
eddy center were 192-201 m and highly variable at the edge (between 38-190m) and 
BATS (between 77-340 m) (Table 2.1). In spring 2011, N+N was undetectable to 150 m 
at the center station (0 km) (Fig. 2.1e-g, left panels). At the edge of eddy AC1 (83 km), 
N+N was low but detectable at 80 m the chlorophyll “maximum” (~ 0.2 mol l-1) and 
increased to 1.4 mol l-1 at BATS (Fig. 2.1 e-g; left panels). SRP was barely detectable at 
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the center of the eddy, but concentrations at all depths increased along the transect to a 
maximum of 0.04 mol l-1 at 150 m at BATS (Fig. 2.1e-g; right panels). The deepest 
mixed layer depth of 340 m (cast 17; Table 2.1) occurred during a storm event that 
terminated ship operations at BATS. Overall, nutrient inventories were lowest at the 
center of AC1, increased at the edge and were greatest at BATS (Table 2.2). 
Vertical mixing resulted in there being no strong chlorophyll maximum at any 
station (Fig. 2.2a-e). Cyanobacteria and haptophytes comprised the majority of total chl-a 
at all depths and stations (Fig. 2.2a-e). Prasinophytes, cryptophytes, and pelagophytes all 
increased significantly (p = 0.012) in their absolute and relative contributions to total chl-
a at BATS as compared to the center of the eddy (Fig. 2.2f-g). At the center of AC1, 
Prochlorococcus was the most abundant of the cyanobacteria (Fig. 2.2h-i; Table 2.2), but 
Synechococcus dominated at the edge station and BATS (Fig. 2.2h-i; Table 2.2) and 
comprised the majority of cyanobacteria POC in all cases (Fig. 2.2j-k; Table 2.2). Cell 
abundances of the pico- and nanoeukaryotes (Euks) were minimal compared to those of 
the cyanobacteria (Fig. 2.2h-i), while the less numerous nanoeukaryotes contributed more 
to integrated Euk POC at all stations (Table 2.2). Overall, both cell abundances and POC 
biomass for all groups were highly variable among casts but followed a similar 
distribution pattern as chl-a biomass at the surface and chlorophyll “maximum” (Fig. 
2.2h-k). Total integrated phytoplankton chl-a biomass was significantly lower (p = 0.013) 
at the center of eddy AC1 (Fig. 2.2f, Table 2.2) compared to the other stations (Fig. 2.2f). 
Also of note, casts 4 and 5 (Table 2.1), while still in the eddy center, were just outside the 
area of maximum SLA displacement. This may explain the increase in chl-a biomass 
from the initial cast at the center of AC1 (cast 3) to the successive casts (Fig. 2.2f). 
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Summer 2011 Eddy C1 
In summer 2011, we sampled in a cyclone (C1), the center of which was located 
178 km southwest of BATS (Fig. 2.3a). The water column was stratified to ~ 75 m at all 
stations as shown by temperature and density profiles (Fig. 2.3b-d) with MLD < 25 m at 
all stations (Table 2.1). N+N was barely detectable (detection limit = 0.05 mol l-1) in 
surface waters at the at all stations (Fig. 2.3e; left panel) and concentrations increased 
substantially with depth to a maximum of 3-4 mol l-1 at 150 m (Fig. 2.3g, left panel). At 
the eddy center and BATS stations 18°C water penetrated to 200 and 250 m, respectively, 
but was below 300 m at the edge station (Fig. 2.3b). SRP concentrations (detection limit 
= 1 nmol l
-1
) showed vertical and along-transect trends that were similar to those of 
nitrate (Fig. 2.3e-g; right panels). Integrated nutrient inventories (both N and P) were 
greatest at the eddy center (0 km) and progressively decreased at the edge (95 km) and 
BATS (178 km) (Table 2.2). 
In summer 2011, vertical profiles showed low chl-a biomass (< 0.2 mg m
-3
) in the 
upper 50 m and these communities were nearly exclusively comprised of cyanobacteria 
and haptophytes (Fig. 2.4a-c). With the exception of cast 14 (C1 edge), chl-a 
concentrations at discrete depths varied by < 0.1 mg m
-3
 between casts at each station 
(Fig. 2.4a-e) and integrated biomass varied by < 5 mg chl-a m
-2
 (Fig. 2.4f). Broad and 
distinct deep chlorophyll maxima (DCM) extended between 80 and 100 m on each cast 
(Fig. 2.4d-e). Prochloroccocus dominated the cyanobacteria community throughout the 
water column (Fig. 2.4h-i, Table 2.2) and were most abundant at the DCM where 
Synechococcus was rarely observed (Fig. 2.4i). Eukaryote communities at the DCM were 
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largely comprised of haptophytes and prasinophytes at the center and edge of eddy C1 
(Fig. 2.4d-e). We observed significantly greater nanoeukaryote cell abundances (p = 
0.004) in C1 and greater haptophyte chl-a biomass (p = 0.007) as compared to BATS 
(Table 2.2). At BATS, where eukaryote abundances were lowest, we observed a 
significant increase (p = 0.001) in absolute and relative integrated cyanobacteria chl-a 
biomass (Figs. 2.4a-b). Overall, total integrated phytoplankton biomass (as chl-a) did not 
differ significantly (p = 0.056) along the transect (Fig. 2.4f; Table 2.2).  
 
Spring 2012 Eddy C2 
In spring 2012, we sampled a cyclone (C2) located 145 km northeast of the BATS 
station (Fig. 2.5a); surface water temperatures were cooler at the center of eddy C2 than 
at the BATS station (19°C vs. 20.5°C) (Fig. 2.5b). Surface salinities ranged from 36.6 at 
the center station to 36.7 at BATS (Fig. 2.5c). Density anomalies followed temperature 
and salinity profiles; 26.5 kg m
-3
 waters were located at 200 m at the center of the eddy 
but below 300 m at BATS (Fig. 2.5d). Concentrations of N+N were <0.1 mol l-1 at the 
surface in the center of C2 (Fig. 2.5e; left panel, shaded) and at the chlorophyll max 
reached 0.5 mol l-1 at BATS (Fig. 2.5f; left panel, no shading). N+N concentrations 
were highly variable among casts at 150 m at both stations, and ranged between 0.2 and 
1.8 mol l-1 (Fig. 2.5g; left panel). SRP concentrations showed similar spatial trends as 
N+N and peaked at 0.08 mol l-1 at 150 m at BATS (Fig. 2.5g; right panel, no shading). 
Overall, nutrient inventories were lower at the center of C2 (0 km) than at BATS (145 
km) (Table 2.2). Mixed layer depths were consistently deeper at the center station (152-
166 m) compared with conditions at BATS (65-137 m) (Table 2.1). At BATS we first 
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observed a MLD of < 70 m that deepened to 137 m (cast 23) and again shoaled to 65 m 
by the final day of sampling (Table 2.1).  
Chlorophyll a biomass was greater at the surface in the center of C2, as compared 
to communities at BATS where chl-a in the upper 20 m was < 0.2, more reminiscent of 
summer conditions (Fig. 2.6a-b). We also observed that between-cast variability in total 
chl-a biomass was high both at discrete sampling depths and integrated throughout the 
water column (Fig. 2.6a-f, Table 2.2). This was particularly evident at BATS where chl-a 
biomass between 40-50 m doubled from cast 17 to 25, and then gradually decreased over 
subsequent casts (Fig. 2.6c). Haptophytes dominated eukaryote chl-a biomass, while 
cryptophytes, prasinophytes and diatoms were identified infrequently along the transect 
(Fig. 2.6a-g). At the center of C2 we found these groups at shallower depths (<80 m) 
compared to their vertical distribution at BATS (Fig. 2.6a-c). At a single cast in the center 
of C2 (cast 13) we found diatoms in the upper 20 m (Fig. 2.6a-b) that resulted in diatoms 
comprising 5% of total integrated chl-a (Fig. 2.6g). Synechococcus was the most 
abundant cyanobacterium at all stations and depths (Fig. 2.6h-i). Integrated 
picocyanobacteria and eukaryote (pico and nano) POC biomass was significantly greater 
(p = 0.012) at the center of C2 as compared to communities at BATS (Table 2.2). 
Eukaryote cell abundances and POC were greatest at the surface and decreased with 
depth; this trend was most notable at BATS (Fig. 2.6h-k). 
 
Summer 2012 Eddy AC2 
In summer 2012, we sampled inside of anticyclone AC2 located 205 km 
northwest of the BATS station (Fig. 2.7a). We found the water column was well stratified 
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at all stations (Fig. 2.7b). There were no strong along-transect variations in surface 
temperature, except a slight dip in temperature and salinity that coincided with rainfall of 
= 25 mm day
-1 
at the edge of AC2 (Fig. 2.7b-c). N+N concentrations were just above 
detection at the surface (Fig. 2.7e, left panel) and increased with depth at all stations (Fig. 
2.7f-g, left panels). No clear nutrient trends were observed among the three stations at the 
DCM (Fig. 2.7f, left panel). At 150 m, N+N concentrations were 1.3 - 1.6 mol l-1 at the 
center of AC2, lower at the edge (<1 mol l-1) and greatest at BATS (>2 mol l-1; Fig. 
2.7g). SRP concentrations showed along-transect trends that were similar to those of 
N+N at 150 m, with maximum concentrations (~0.08 mol l-1) measured at BATS (Fig. 
2.7g; right panel, no shading). The lowest nutrient inventories (N and P) were measured 
in the center of AC2 (0 km) as compared to the edge (125 km) and BATS (205 km) 
(Table 2.2). The deepest MLD were observed at the edge station (25-34 m) compared 
with conditions at the center (18-24 m) and BATS (15-22 m) (Table 2.1).  
In summer 2012, cyanobacteria and haptophytes dominated absolute and relative 
contributions to chl-a biomass at all stations and depths (Fig. 2.8a-e) and 
Prochlorococcus was the most abundant cyanobacterium at all stations and depths (Fig. 
2.8h-i). Integrated Prochloroccocus abundances were significantly higher (p = 0.001) at 
the edge of eddy AC2 compared to the center station or BATS, while Synechococcus 
abundances decreased significantly (p = 0.002) at the eddy edge (Table 2.2). Vertical chl-
a profiles showed a distinct DCM between 80 and 120 m at all stations (Fig. 2.8d, e). At 
the edge of AC2 chl-a increased at shallower depths relative to the other stations (Fig. 
2.8a-c), and for many casts the DCM was located at 80 m (Fig. 2.8d). Prochlorococcus 
was most abundant at the DCM (Fig. 2.8i). Also, at the DCM, prasinophytes and 
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dinoflagellates made substantial contributions to total chl-a at all stations (Fig. 2.8d-e). 
Eukaryote (pico- and nanoeukaryote) abundances and POC increased with depth at all 
stations though between-cast variability was high (Fig. 2.8h-k). Integrated Euk cell 
abundances and carbon biomass increased along the transect (Table 2.2). Despite intra-
station variability, integrated chl-a biomass was significantly greater (p = 0.002) at the 
edge of AC2 as compared with the center and BATS stations (Fig. 2.8f, Table 2.2). Along 
the transect haptophytes and cyanobacteria comprised ~40% of total chl-a biomass each, 
followed by prasinophytes (10-20%) (Fig. 2.8g). 
 
2.5 DISCUSSION 
Results of our two-year investigation in the Sargasso Sea showed that eddies significantly 
affected the biomass of the ambient phytoplankton community and the magnitude and 
direction of this change varied with season and by eddy. We begin with a discussion of 
the physical forces that act on a variety of time and space scales.  
 
Impact of seasonality on water column conditions in the Sargasso Sea 
In this study, data collected in spring and summer of both years clearly showed 
the large-scale (gyre-wide) seasonality that defined the water column structure and has 
been well described previously for this region (Steinberg et al. 2001; Lomas et al. 2013). 
In spring 2011 and 2012 we observed cool, well-mixed surface waters that differed from 
the thermally stratified waters in summer. Cool, high density surface waters in winter 
drive mixing deepened by episodic storm events throughout spring (Michaels & Knap 
1996; Lomas et al. 2009). High rates of organic matter remineralization at the surface 
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(Carlson et al. 1996) in summer promote accumulation of nutrients in the permanent 
thermocline near the base of the euphotic zone (Jenkins & Doney 2003). In our study, 
comparisons of vertical nutrient profiles between seasons showed this seasonal effect: 
during summer N+N exceeded 2 mol l-1 between 80 and 150 m but was often <1 mol l-
1
 at these depths in spring when the MLD was deepest. The physical stratification of the 
water column results in the development of a well-defined DCM near the base of the 
euphotic zone where phytoplankton balance their need for sunlight with access to the 
nutricline (Cullen 2015). On both summer cruises a DCM persisted between 80 and 100 
m where chl-a concentrations often exceeded 0.55 mg m
-3
. The seasonally alternating 
conditions of mixing and stratification impact phytoplankton community structure on the 
timescales of months (DuRand et al. 2001). 
 
Influence of mesoscale and sub-mesoscale forcing on water column conditions 
Mesoscale eddies act on shorter timescales and over smaller spatial scales than 
basin-wide seasonal hydrographic changes, but are important features due to their 
pervasiveness (Richardson 1993). Eddy circulation both isolates water parcels and drives 
downwelling or upwelling of water masses, the impact of which is greatest at the core 
(Sweeney et al. 2003; Anderson et al. 2011). These effects can last for months, or until 
interaction with surface winds and other eddies breaks down eddy circulation (Sweeney 
et al. 2003; Anderson et al. 2011). We found on each cruise that the physical, chemical 
and biological conditions within each eddy differed from conditions at our “outside of the 
eddy” station, the BATS station. However, the magnitude and direction of this impact 
varied by season and eddy and will be discussed in more detail in later sections. While 
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mesoscale forcing drives sustained mixing and can have potentially week to month-long 
effects on microbial communities, phytoplankton respond on short time scales (~1 day) to 
physical perturbations (Letelier et al. 2004). In summer 2012 we witnessed an increase in 
phytoplankton chl-a biomass (p = 0.002) associated with the edge of anticyclone AC2 
that was interacting with a nearby cyclone. Though this response was outside of the eddy 
core where isopycnal displacement should be greatest, we also observed a shift in the 
composition of the cyanobacteria community at the interaction zone that we infer was 
due to sub-mesoscale mixing (Klein et al. 2008). Additionally, on space scales of 1 km or 
less (Owen 1981) vertical mixing by internal waves can have a notable effect on 
phytoplankton communities, especially at the DCM (Lomas et al. 2009; Liccardo et al. 
2013) and will be discussed in the following section. 
On each cruise we measured both short-term temporal and small-scale spatial 
changes in phytoplankton community composition. In eddies we employed Lagrangian 
sampling where SLA data was used to track a specific location (~center and edge) and 
multiple casts were performed at these stations. In eddies between-cast variability 
represented short-term temporal changes in a particular water mass. This differed from 
our Eulerian sampling at the BATS station; there daily changes demonstrated spatial 
heterogeneity as water masses moved passed our fixed position. Both our Lagrangian 
(eddy) and Eulerian (BATS) sampling revealed significant variability in phytoplankton 
biomass between successive casts. These data support our hypothesis that along-transect 
differences in community composition could be as great within a cruise as between 
cruises in different seasons. 
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Phytoplankton community composition in spring and summer in the Sargasso Sea 
Data from this study showed that small phytoplankton, with high affinity for 
nutrients at low concentrations (Chisholm 1992), dominated the phytoplankton 
community on all cruises, a condition that is well established in the Sargasso Sea (Lomas 
et al. 2013). The dominant phytoplankton groups, in terms of cellular abundance, were 
the cyanobacteria that followed a seasonal oscillation whereby Prochlorococcus was 
numerically dominant on summer cruises and Synechococcus in spring, in most cases. 
Communities of prasinophytes, pelagophytes, dinoflagellates, and cryptophytes 
(identified by pigment data) were found throughout the water column on spring cruises, 
and at the DCM in summer. Typically, pigment data from monthly BATS cruises are 
analyzed by the Letelier et al. (1993) method that does not include the cryptophyte 
biomarker, alloxanthin. Flow cytometry (DuRand et al. 2001; Cavender-Bares et al. 
2001) and RNA analyses (Treusch et al. 2012) have demonstrated the presence of 
cryptophytes in the region, especially during the spring bloom. Our analyses used 
CHEMTAX software that employs factor analysis to fit data based on an initial 
estimation of pigment ratios for specified algal groups (Mackey et al. 1996) (refer to 
Table S1 for our starting matrix). Alloxanthin was quantified on nearly all cruises, and 
we found cryptophytes contributed up to 25% of integrated chl-a biomass in spring. 
Haptophytes were the most dominant eukaryotes, in terms of contribution to chl-a 
in our samples during both seasons. Haptophyte communities in the Sargasso Sea are 
comprised of nanophytoplankton-sized coccolithophores that respond rapidly to 
convective overturn in winter/spring (Lomas et al. 2009), and non-calcareous 
picophytoplankton that persist throughout the year (Cuvelier et al. 2010; Jardillier et al. 
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2010; Treusch et al. 2012). In our study, non-coccolithophorid organisms comprised 60-
89% of total integrated haptophyte chl-a biomass in summer, while in spring 
coccolithophores contributed up to 98% of total (data not shown). Recent evidence 
suggests that non-coccolithophore haptophytes may be responsible for 30-50% of global 
phytoplankton stocks (Liu et al. 2009). These organisms persist under low nutrient 
conditions and sub-optimal irradiances through a pairing of photosynthetic and 
mixotrophic lifestyles (Zubkov & Tarran, 2008). Our CHEMTAX data suggests that 
haptophyte community composition varies between stations within an eddy and outside, 
and specific examples will be described in the following sections. 
As much of this discussion relies on our CHEMTAX analyses we performed a 
first-order check of our results by dividing pigment data by flow cytometry cell 
abundances. We performed this analysis for Prochlorococcus and Synechococcus. The 
average chl-a per cell for Prochlorococcus was 1.0 fg chl-a/cell which compared well 
with published values of 0.88-1.76 fg chl-a/cell (Morel et al. 1993). Additionally, values 
of chl-a/cell increased for both groups at the DCM as would be expected due to 
photoacclimation. We found these patterns of chl-a/cell matched those of C/cell for 
Synechococcus that increased substantially at the DCM, from 200 fg C/cell at depths 
above 50 m to >400 fg C/cell below. We also considered the potential for loss of 
Prochlorococcus cells (average size 0.6 m; Morel et al. 1993) through 0.7 m GF/F 
filters used for pigment samples. Researchers in David Karl’s lab at the University of 
Hawaii regularly process filtrates of pre-sorted samples on their flow cytometer. Based 
on their unpublished analyses, up to 5% of Prochlorococcus may pass through a 0.7 m 
filter (Ken Doggett, pers. comm.). Using our estimates of 1.0 fg chl-a/Prochlorococcus 
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this would result in an average underestimate of 0.0037 mg chl-a m
-3
, or 1-2% of total. 
We also present data collected during both day and night periods, which may present a 
source of error, particularly for chl-a measurements. Integrated chl-a biomass from night 
casts was often, but not always, lower by 0.2-6.6 mg chl-a m
-2
 as compared to values 
from day casts at the same station. These values corresponded to 1-44% of total chl-a. 
Ideally, all casts would be performed at equivalent time points, though in our case 
maximizing replication at each station required this sampling scheme. 
 
Impact of mesoscale and sub-mesoscale activity on phytoplankton communities 
under seasonally mixed conditions 
In spring 2011, we visited an anticyclone (AC1) that was ‘typical’ with respect to 
its physical and biological features: downwelling and low nutrients. We observed 
deepening of the MLD in the center of eddy AC1 coincident with a reduction in overall 
nutrient concentrations, as compared to variable MLD and higher concentrations of 
nutrients (two orders of magnitude greater) at BATS. We contend that the downwelling 
of warm, low-density surface waters to 200 m (MLD) resulted in the transport of 
nutrient-poor surface waters to depth, a common feature of anticyclones (Sweeney et al. 
2003). Downwelling anticyclones in the Sargasso Sea have garnered little attention as 
their effect on chl-a biomass is expected to be minor (McGillicuddy et al. 1998; Sweeney 
et al. 2003; Ewart et al. 2008).  However, we observed anticyclones could be associated 
with significant changes in cyanobacteria community structure in both spring and 
summer. In spring 2011 we observed a reduction of total and eukaryote integrated chl-a 
biomass (p = 0.012) in the center of AC1 as compared to the eddy edge and BATS while 
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Prochlorococcus was highly abundant in the center of the feature. Typically, 
Prochlorococcus dominates the cyanobacteria community in the summer while 
Synechococcus is more prevalent in spring (DuRand et al., 2001). Associated with this 
anomalous spring Prochlorococcus community, temperatures at the center of AC1 were 
1° C warmer and N+N inventories an order of magnitude lower than at BATS. DuRand et 
al. (2001) found the two groups of cyanobacteria were nearly equal in abundance at 
BATS in spring 1990 when N+N did not exceed 0.1 mol l-1 at the surface. 
Prochlorococcus is well adapted to oligotrophic conditions and they use the limiting 
nutrient resources with high efficiency (Lomas et al. 2014). Light and temperature are the 
main controls on Prochlorococcus growth and they are constrained to warmer waters 
than Synechococcus (Chisholm et al. 1992). 
At the edge of AC1 and at BATS, the diversity of phytoplankton communities 
resembled spring bloom conditions, when larger eukaryotes are more abundant (Bidigare 
et al. 1990; Lomas et al. 2009). Cryptophyte chl-a biomass was greater (p = 0.012) at 
BATS in spring 2011 as compared with the center of AC1. We also measured the greatest 
nanoeukaryote abundances (2 ± 0.4 x 10
10 
cells m
-2
) of any cruise at BATS. The presence 
of cryptophytes and abundance of larger cells indicated the spring bloom was progressing 
outside the eddy center. Traditionally, the spring bloom begins after the winter mixed 
period when the water column begins to stratify and initially promotes the growth of 
larger eukaryotes (Sverdrup 1953). Evidence for the suppression of the Synechococcus 
and eukaryote-dominated community by AC1 included the numerical dominance of 
Prochlorococcus and the greater (p = 0.007) contributions by cyanobacteria to total chl-a 
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biomass observed in the downwelling center of the anticyclone. Unfortunately, we were 
not able to re-occupy the eddy to determine how long this community was sustained. 
In spring 2012 we sampled cyclone C2 that exhibited upwelling at the core, as 
evidenced by cooler water temperatures as compared to conditions at BATS. While total 
chl-a did not differ significantly (p = 0.96) between the center of C2 and BATS, we 
measured higher nanoeukaryote POC (p = 0.012) in C2 as compared to the BATS station. 
Coincident with the increased carbon biomass of these larger cells, our CHEMTAX data 
revealed coccolithophores (Hapto6; Table A.1) comprised 98% of haptophyte chl-a in 
C2, but just 6% at BATS (data not shown). The upwelling of cold, dense water is a 
feature of cyclones that results in an increased nutrient supply (Bibby et al. 2008), though 
nutrient inventories were lower at the center of C2 than at BATS. As described 
previously, eddies can be described as “natural laboratories” as they trap and move water 
throughout the gyre, so conditions within differ from those outside their circulation 
(Bibby et al. 2008). Eddies mature and eventually decay so that nutrient injection 
decreases and nutrients become exhausted within the eddy core (Sweeney et al. 2003). 
Cyclones greater than four months of age are shown to exhibit little to no biological 
response due to removal of resources through increased particle export that occurs in 
young cyclones (Buesseler et al. 2008). Our post-cruise analyses of time-course SLA data 
showed eddy C2 was ~6 months old and had well-defined eddy circulation over its entire 
lifetime, indicating little potential for mixing from outside. The low nutrient inventories 
in C2 indicated age was a factor in the phytoplankton response we observed that included 
no difference in total chl-a and eukaryote abundances (p = 0.08) as compared to 
communities at BATS. These data suggest that the higher nanophytoplankton C biomass 
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and greater contributions of coccolithophores to chl-a were evidence of a bloom that 
occurred earlier in the life cycle of C2. In the EDDIES study, where multiple occupations 
of a cyclone occurred, they found the chemical and biological conditions associated with 
upwelling decayed within weeks (McGillicuddy et al. 2007). The implications these 
changes in phytoplankton community composition have for planktonic food webs and 
carbon flux will be discussed in the final section. 
 
Impact of mesoscale and sub-mesoscale activity on phytoplankton communities 
under seasonally stratified conditions 
When surface stratification is strong in summer, mesoscale and sub-mesoscale 
effects are more intense due to wind forcing and flow perturbations (Alonso-González et 
al. 2013). Uplift of deep isopycnals into the euphotic zone by mesoscale eddies in 
summer have a large impact specifically at the DCM as these communities lie on specific 
density surfaces that become vertically displaced by eddy motion (Bibby et al. 2008). We 
observed that on both summer cruises the DCM followed a narrow range of density 
surfaces (25.43 - 26.36 kg m
-3
). Between-cast variability of chemical and biological 
parameters was most apparent at the DCM at both eddy and BATS stations on both 
summer cruises. The actions of internal waves occur on the timescales of hours to days 
and they mobilize communities through a vertical gradient of light, temperature and 
nutrient conditions (Owen 1981). Diatoms have been shown to grow rapidly by accessing 
new nitrogen introduced by episodic upwelling events associated with the bottom 50 m of 
the euphotic zone in cyclones and mode-water eddies (Goldman 1993). Despite evidence 
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for upwelling in the center of both summer eddies, we did not observe a substantial 
diatom presence at the DCM in either eddy. 
Eddies access deep nutrient stores below the seasonal thermocline; in our study 
we observe this build-up of nutrients at depths below the DCM, greater than 100 m. In 
summer 2011 cyclone C1 was associated with uplift of the 26.5 kg m
-3
 isopycnal to 
between 80 and 100 m at the eddy center as compared to where it lay outside the eddy (at 
300 m). These data indicate eddy-induced nutrient upwelling occurred in C1 
(McGillicuddy et al. 1998). In our study, N+N and SRP concentrations were highest at 
the center of C1, decreased somewhat at the edge and were lowest at BATS. Our data 
indicate nutrients upwelled by C1 stimulated the growth of nanoeukaryotes whose 
abundances and POC biomass were greater (p = 0.004) in the cyclone as compared to 
conditions at BATS. Considering age is a factor in defining the chemical and biological 
conditions of an eddy, these data are indicative of a young eddy as compared to spring 
C2. This was supported by SLA data that showed C1 was ~2 months at time of sampling. 
We also considered whether the significant increase in nanoeukaryotes and concomitant 
increase in haptophyte chl-a biomass (p = 0.001) was indicative of a shift towards a more 
coccolithophore-based community, as we found in C2 (spring 2012). Our CHEMTAX 
data revealed that non-coccolithophores contributed >80% of total haptophyte chl-a 
biomass at all stations (data not shown). In our study, we also observed the dominant 
picophytoplankton communities (Pro + Syn + picoeukaryotes) exhibited increased C:Chl-
a ratios in C1 as compared to BATS (data not shown). Cyclones in the Sargasso Sea are 
associated with increased biomass of the dominant picophytoplankton community 
coincident with influx of nutrients (McGillicuddy al. 1998; Ewart et al. 2008; Bibby et al. 
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2008; Mouriño-Carballido 2009), though these studies measured chl-a rather than carbon 
biomass. 
The youngest eddy we sampled was anticyclone AC2 in summer 2012 (aged <1 
month). This anticyclone was atypical in that it exhibited slight upwelling at the center 
(~0.16 m d
-1
) that appeared to be wind induced (McGillicuddy, pers. comm.). Eddy/wind 
interactions have been shown previously to cause upwelling in the center of anticyclones 
(Sweeney et al. 2003; Anderson et al. 2011) and due to heating of surface waters can 
result in cross-isopycnal flux (Ledwell et al. 2008). Wind and current data from the 
Sargasso Sea suggests mode-water eddies (not studied by us) can be an initial stage in the 
life cycle of an anticyclone (McGillicuddy, pers. comm.). Effects of anticyclones and 
mode-water eddies on phytoplankton communities (as measured by chl-a) are remarkably 
different (McGillicuddy et al. 1998, 2007; Siegel et al. 1999). Due to the brevity of our 
sampling period we were unable to determine whether AC2 developed into a mode-water 
eddy. However, we did observe physical perturbations at the edge of AC2 unique in our 
study. A slight reduction in temperature and salinity in surface waters, possibly caused by 
rain events that deepened the MLD were coincident with displacement of the 26.5 kg m
-3
 
isopycnal to ~140 m, compared to 100 m at the other stations. The physical features 
included a cyclonic eddy to the southeast (at BATS), the edge of which was interacting 
with the edge of AC2. Eddy-eddy interactions are common phenomenon in the region 
(Mouriño-Carballido & McGillicuddy 2006) that exacerbate sub-mesoscale turbulence at 
frontal zones and mix waters by horizontal stirring (Klein & Lapeyre 2009). 
At the edge of AC2 we observed greater Prochlorococcus cell abundances (p = 
0.001) compared to the center and BATS stations. Though integrated nutrient inventories 
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did not differ substantially along the transect, deepening of the 26.5 kg m
-3
 isopycnal 
shifted the nitracline deeper in the water column at the edge station, below the euphotic 
zone (131 ± 11 m; data not shown). Prochlorococcus biomass, dominated by low-light 
adapted ecotypes, is strongly correlated with nitracline depths (Moore et al. 1995; Moore 
& Chisholm 1999) where new nitrogen sources comprise up to 10% of their N 
requirements (Casey et al. 2007). While we found the nitracline was below the depth of 
the euphotic zone, recent 
14
C-tracer experiments in the North Atlantic show primary 
production occurs several 10’s of meters below the depth of 1% surface PAR (Marra et 
al. 2014). In the Sargasso Sea, Prochlorococcus contributes significantly more to total 
picophytoplankton C biomass when the depth of the nitracline is suppressed (DuRand et 
al. 2001) and Synechococcus is out-competed under the low light, low nutrient conditions 
(Moore et al. 1995). Decreased Synechococcus (p = 0.002) and increased 
Prochlorococcus abundances (p = 0.001) at the edge of AC2, concurrent with deepening 
of the nitracline support this competition scenario. 
We also observed an increase in integrated haptophyte and prasinophyte chl-a (p 
= 0.002) at the edge of AC2. Eukaryote biomass is positively correlated with N+N 
concentrations (Cavender-Bares et al. 2001) and picoeukaryotes at the DCM receive 
more than half of their N requirements from upwelled nitrate (Fawcett et al. 2011). 
Phytoplankton communities at the DCM are comprised of low light adapted organisms 
that harvest light with high efficiency (Bouman et al. 2011). Using unpublished size-
fractionated chl-a data we found pico- and nanoeukaryote chl-a per cell increased by an 
order of magnitude from the surface to the DCM. As Euk abundances did not differ 
significantly along the transect (p = 0.1) the increased haptophyte and prasinophyte chl-a 
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demonstrated photoacclimation to lower irradiances associated with downwelling rather 
than an accumulation of biomass. 
 
Impact of phytoplankton community composition on food webs in the Sargasso Sea 
Our results demonstrate how phytoplankton communities in the Sargasso Sea are 
impacted by multiple environmental factors over a variety of time and space scales. 
Seasonal differences in temperature and solar insolation regulate the distribution of 
resources throughout the water column, driving species succession. Previous research 
demonstrates how eddy-induced shifts in phytoplankton community composition 
influence the productivity of the ecosystem (Mouriño-Carballido & McGillicuddy 2006; 
Mouriño-Carballido 2009). Positive net community production rates are associated with 
young cyclones and at eddy-eddy interaction zones (Mouriño-Carballido & McGillicuddy 
2006) while blooms in mode-water eddies result in high rates of primary productivity 
(Sweeney et al. 2003; McGillicuddy et al. 2007). Anticyclones and decaying cyclones are 
associated with decreased primary productivity (Sweeney et al. 2003) and negative net 
community production rates (Mouriño-Carballido & McGillicuddy 2006). The effects of 
mesoscale and sub-mesoscale activity propagate through the ecosystem, as phytoplankton 
regulate the magnitude and pathways of carbon flow through planktonic food webs. 
In this study, both cyclones (C1 and C2) were associated with increased 
abundances and/or POC biomass of nanoeukaryotes. We also found haptophyte chl-a 
biomass was greater in both cyclones as compared to outside, and a shift to a 
coccolithophore-dominated community occurred in spring (C2). While cell size plays a 
role in how an organism passes through the food web, there are also taxonomic 
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differences. Calcifying organisms found in sediment traps are less degraded compared to 
diatom biomass that is rapidly turned-over in the water column (Klaas & Archer 2002). 
The largest POC flux event recorded in the Northeast Atlantic was associated with a 
coccolithophore bloom at the center of a cyclone; indicating these organisms contribute 
substantially to export flux by escaping remineralization (Alonso-González et al. 2010). 
Therefore, while both cyclones sampled in this study were associated with an increase in 
haptophytes, the coccolithophore-dominated community in C2 represented greater export 
potential. However, the export of this material is also dependent on the age of C2 (6 
months); eddies older than 4 months have not been associated with significant carbon 
export events (Sweeney et al. 2003). 
While both cyclones were associated with larger phytoplankton, in the two 
anticyclones (AC1 and AC2) we found Prochlorococcus was 22-66% more abundant 
than outside stations. In the case of spring eddy AC1 this community was found at the 
center of the eddy, while in summer 2012 we found increased Prochlorococcus at the 
edge of AC2. While picophytoplankton-derived carbon is traditionally considered to be 
turned-over within the microbial loop we now know that these small cells can contribute 
to export (Richardson & Jackson 2007). Picophytoplankton are shown to be present in 
fecal pellets and aggregates at depth (Lomas & Moran 2011; Amacher et al. 2013). There 
may be differences in the fate of the two groups of cyanobacteria, Prochlorococcus and 
Synechococcus. Synechococcus is more heavily grazed upon by ciliates while 
Prochlorococcus is first consumed by smaller nanoflagellates and therefore mineralized 
in the microbial food web (Christaki et al. 1999). DNA analyses of trap material at BATS 
find Prochlorococcus sequences are underrepresented in traps compared to the water 
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column (Amacher et al. 2013). Unpublished DNA analyses from this study found 
Prochlorococcus was rarely present in fecal pellets or sediment traps (Wilson, Neuer, & 
de Martini, pers comm.). Therefore, a shift in the cyanobacteria population favoring 
Prochlorococcus in anticyclones may result in lower carbon export due to their higher 
remineralization rates in the euphotic zone. 
The timescales of the biological response associated with eddies remain poorly 
constrained. Eddies propagate for months in the Sargasso Sea, undergoing a series of 
strengthening and weakening periods. During the EDDIES project, repeated occupations 
of a cyclone (June-Aug 2004) and mode-water eddy (June - Aug 2005) found much of 
eddy-stimulated biological responses degraded two weeks after initial sampling 
(McGillicuddy et al. 2007; Bibby et al. 2008; Ewart et al. 2008). Increased temporal 
resolution of eddies is required to understand their impact as compared to seasonal forces. 
In this work we are limited to speculation on the role the food web has on the fate of 
phytoplankton biomass. However, the data presented here is part of the Trophic-BATS 
collaborative research project; in future publications we will provide evidence for how 
differences in the phytoplankton communities described here propagate through the food 
web. 
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Table 2.1. Sargasso Sea sampling locations and dates in 2011 and 2012. 
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 Table 2.2. Select environmental parameters. 
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 Fig. 2.1 Eddy AC1 Cruise track, physical 
and nutrient data from Cruise AE1102 (24 
February – 5 March, 2011). 
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Fig. 2.2 Eddy AC1 Phytoplankton community composition from Cruise AE1102 (24 
February – 5 March, 2011). 
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 Fig. 2.3 Eddy C1 Cruise track, physical 
and nutrient data from Cruise AE1118 
(22 July – 5 August, 2011). 
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Fig. 2.4 Eddy C1 Phytoplankton community composition from Cruise AE1118 (22 
July – 5 August, 2011). 
 
  45 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5 Eddy C2 Cruise track, physical 
and nutrient data from Cruise AE1206 
(15-23 March 2012). 
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Fig. 2.6 Eddy C2 Phytoplankton community composition from Cruise AE1206 (15-23 
March 2012). 
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Fig. 2.7 Eddy AC2 Cruise track, physical 
and nutrient data from Cruise AE1219 
(19-31 July, 2012). 
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Fig. 2.8 Eddy AC2 Phytoplankton community composition from Cruise AE1219 
(19-31 July, 2012). 
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CHAPTER 3 
SIZE-DEPENDENT PRODUCTION-BIOMASS RELATIONSHIPS OF SARGASSO 
SEA PHYTOPLANKTON
2
 
 
 
3.1 ABSTRACT 
Phytoplankton size distributions profoundly influence the structure and function of 
pelagic food webs. Food web models often assume that size-specific relative 
contributions to biomass and to primary productivity (PP) are proportional to one 
another. Our goal was to test this assumption by quantifying production-biomass 
relationships for three size classes of phytoplankton from this region. Overall, the 
picophytoplankton (0.7 to 2 m) contributed 53% or more of the total integrated biomass 
(as chl-a) and 46% or more of the total PP. The picophytoplankton were responsible for 
84% and 87% of the variance in integrated total chl-a and total PP, respectively. This is 
in contrast with the traditional view of picophytoplankton as an “unchanging 
background” to which larger phytoplankton contribute. The microphytoplankton (20 to 
200 m) contributed up to 38% of total PP but never more than 22% of total chl-a. Thus, 
on average, using size-fractionated measurements of chl-a to derive size-fractionated PP 
may incorrectly estimate microphytoplankton PP by 10 ± 9%. Biomass-production
                                                          
2
 Cotti-Rausch BE, Lomas MW, Lachenmyer EM, Baumann EG, Richardson TL To be submitted. 
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 relationships of both the picophytoplankton and microphytoplankton varied with depth. 
In surface waters, microphytoplankton had significantly higher assimilation numbers 
(PP/chl-a) than picophytoplankton; at the deep chlorophyll maximum these differences 
were no longer present. Production-biomass diagrams constructed using literature data 
from 59 global studies showed that PP by large phytoplankton (> 3 m) exceeded their 
contributions to chl-a biomass in oligotrophic waters (total chl-a < 0.25 mg m
-3
) by 8%, 
indicating that grazing controls phytoplankton standing stocks in these regions. 
 
3.2 INTRODUCTION 
The size structure of phytoplankton communities greatly influences the function of 
pelagic food webs and, ultimately, the flux of particulate material from the surface ocean 
to the deep sea (Ryther 1969, Malone 1980, Legendre & Le Fèvre 1989, 1991, Tremblay 
& Legendre 1994, Rivkin et al. 1996, Marañon et al. 2001). Ecosystems dominated by 
large phytoplankton, such as coastal or upwelling regions, have short, efficient food webs 
that export a high percentage of primary productivity (PP) to higher trophic levels or 
deeper waters (Michaels & Silver 1988, McManus 1991, Boyd & Newton 1995). In 
oligotrophic subtropical gyres, small phytoplankton dominate, microbial remineralization 
rates are high (Azam 1998, Robinson & Williams 2005), and multiple trophic transfers 
from small to larger grazers often result in the export of just 1 to 2% of the PP (Ducklow 
et al. 2001). Shorter, more direct routes for small phytoplankton export, e.g., by 
gelatinous zooplankton feeding directly on small cells and/or large zooplankton feeding 
on aggregates of picoplankton, have been described recently (Ebersbach & Trull 2008, 
Ebersbach et al. 2014, Sutherland et al. 2010, Wilson & Steinberg 2010, Motwani & 
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Gorokhova 2013), further illustrating the diverse pathways by which small phytoplankton 
undergo trophic transformation. 
While the structure of a food web is important, it is not the biomass contained within 
a specific size fraction per se, but rather the rates of energy and organic matter cycling 
associated with that fraction that are directly relevant to trophic dynamics and 
biogeochemistry. Much of our understanding of size-dependent processes is from 
concurrent measurements of size-fractionated chl-a biomass and size-fractionated 
primary productivity. Early studies focused on differences in surface area to volume ratio 
between small (‘nanoplankton’ or ‘ultraplankton’) and large (‘netplankton’) 
phytoplankton, and how these differences may result in size-dependent rates of 
photosynthesis, nutrient uptake, and growth (Malone 1971, Bruno et al. 1983, Furnas 
1983, Glover et al. 1985). Later work expanded to include relationships among 
phytoplankton size, PP, and carbon export (Legendre et al. 1993, Jochem & Zeitzschel 
1993). Tremblay and Legendre (1994), for example, developed mathematical 
relationships from proportional contributions of small and large phytoplankton to both 
biomass and primary productivity, and constructed Production-Biomass (P-B) models to 
predict potential carbon export for six oceanic domains. 
Here, we used size-fractionated biomass and size-fractionated PP data from the 
Sargasso Sea to calculate P-B relationships for phytoplankton from this region. We were 
specifically interested in how the PP of three phytoplankton size fractions varied with 
their contributions to total biomass, and whether there were predictable relationships 
between these two variables. Our motivation stems from previous work with inverse food 
web models, for which, in the absence of size-fractionated PP data, we had to apportion 
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the total PP into size classes based on available chl-a biomass (e.g., Richardson et al. 
2003, 2004, 2006). Accordingly, our goals were 1) to test the robustness of this 
‘proportionality’ assumption and 2) to use the Tremblay and Legendre framework to put 
our results in the context of other studies. 
 
3.3 MATERIALS AND METHODS 
Study sites and sampling 
We collected data on four cruises in the Sargasso Sea on the R/V Atlantic Explorer in the 
spring and summer of 2011 and 2012 (Fig. 3.1; Table 3.1). These cruises were part of the 
large-scale “TrophicBATS” project, the general goal of which was to understand the role 
of planktonic community composition in carbon cycling and export in this region (see 
Cotti-Rausch et al. 2016). The circulation dynamics of the Sargasso Sea is strongly 
influenced by mesoscale eddies (Olson 1991), thus we targeted our sampling sites to take 
these eddies into account. On three of the cruises (AE1102, AE1108, and AE1219), we 
sampled and performed in situ experiments at three stations: the center and edge of a 
mesoscale eddy (AC1, C1, and AC2; see Table 3.1) and at the Bermuda Atlantic Time-
series (BATS) study site. On cruise AE1206 we sampled only at the center of a cyclonic 
eddy (C2) and at BATS. Eddies were identified using satellite-derived sea level anomaly 
(SLA) data as described in Cotti-Rausch et al. (2016). One eddy per cruise was identified, 
and the position of the ship within the eddy was confirmed daily with SLA data. At each 
station, vertical profiles of fluorescence (Chelsea-MkIII Aquatracka), temperature (SBE 
3-02/F) and salinity (SBE 4-02/0) were performed using a Sea Bird CTD (Sea-Bird 
Electronics, SBE-09 plus). 
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Pre-dawn CTD casts 
Before dawn on each sampling day we conducted a CTD cast using a 24-bottle Niskin 
rosette (General Oceanics Model 1016-24) to 200 m to characterize the physical structure 
of the water column and to collect water for measurements of size-fractionated 
chlorophyll-a (chl-a) biomass and rates of size-fractionated primary productivity. The 
number of casts, and therefore number of experiments, varied by cruise depending on the 
time available for in situ deployments (Table 1). On each cast, we collected samples at 3 
to 4 depths (20 m, 50 m, the deep fluorescence maximum (~80 m), and 100 m). Replicate 
Niskin bottles (n = 2 to 3) were taken at each depth. Opaque 10-l polycarbonate 
collection bottles were pre-rinsed with sample water and filled through opaque tubing to 
avoid light shock. Samples were pre-screened through a 200 μm Nitex mesh to remove 
large grazers. Further handling of the samples was done in dim light or under red light. 
We converted fluorescence profiles to chl-a profiles using chl-a concentrations measured 
directly (as described below), and then calculating fluorescence/chl-a ratios at each 
sampling depth. Intermediate values were determined by linear interpolation between 
discrete sampling points (as in Richardson & Cullen 1995).  
We determined phytoplankton biomass by filtering triplicate aliquots (1 to 2 l) of pre-
screened water through GF/F filters. This provided total chl-a in the size fraction 0.7 to 
200 μm. The biomass of three size classes of phytoplankton, the picophytoplankton (0.7 
to 2 μm), the nanophytoplankton (2 to 20 μm) and the microphytoplankton (20 to 200 
μm), was quantified by differential filtration as follows. First, triplicate aliquots (1 to 2 l) 
of pre-screened water were filtered onto 2 μm Nuclepore filters (= 2 to 200 μm) and 
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picophytoplankton biomass was calculated by subtracting the 2 to 200 μm biomass from 
the total chl-a value. Triplicate aliquots of pre-screened water were also filtered through a 
20 μm Nitex mesh, then onto a GF/F filter to yield the 0.7 to 20 μm fraction. Biomass of 
the nanophytoplankton size class was calculated by subtracting the picophytoplankton 
biomass from the 0.7 to 20 μm biomass. Microphytoplankton biomass was determined by 
subtracting the 0.7 to 20 μm biomass from the total chl-a value. All filters were folded, 
placed in 1.5 ml cryotubes, and frozen at -80°C for later analysis at the University of 
South Carolina as described in the Analytical Methods section. 
 
Mid-day CTD casts 
At noon at each station we did CTD casts to 1000 m. We took water samples (1 to 2 l) 
from 6 to 7 depths (usually 1, 20, 50, 80, 100, 150, and 200 m) for measurement of total 
chl-a biomass (as described above). Additional samples were taken for nutrient analyses, 
including nitrate+nitrite (N+N); these data are published in full in Cotti-Rausch et al. 
(2016). Separate samples were preserved in paraformaldehyde (0.5% final conc.) for 
analysis of the abundance and carbon biomass of the picocyanobacteria (Prochlorococcus 
and Synechococcus), picoeukaryotes and nanoeukaryotes by flow cytometry. 
 
Total and size-fractionated primary productivity 
 Pre-screened water collected from each depth was dispensed into Nalgene 
polycarbonate incubation bottles (7 to 8 clear bottles, plus 1 to 2 dark bottles per depth; 
0.8 to 1.2 l each). Bottles were spiked with 
14
C-labeled sodium bicarbonate (PerkinElmer 
Health Sciences Inc.) to a final activity 0.04 to 0.08 μCi ml-1. Rates of primary 
productivity (PP) were calculated in units of mg C m
-3
 d
-1
 according to modified methods 
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of Barber et al. (1996). We included the activity of dark bottles to account for dark 
fixation of dissolved inorganic 
14
C by phytoplankton and bacteria (Banse 1993). Bottles 
were incubated in situ at the depth of collection on a wheel-shaped polycarbonate bottle 
holder (one wheel per depth) (Fig. C1). Incubations were started before sunrise (usually 
between 05:00 and 06:00 h) and were terminated 24 h later. Total PP and size-
fractionated rates of PP were done as described previously for the chl-a samples. After 
filtration, filters were covered with 500 μl of 0.5 N HCl and de-gassed on a shaker table 
for 24 hours to remove unincorporated 
14
CO2. Scintillation cocktail (10 ml) was added 
before counting in a Packard Tri-Carb 2000CA liquid scintillation analyzer. 
 
Analytical Methods 
Samples for HPLC analysis were analyzed following the procedures described in 
Pinckney et al. (1996). Briefly, samples were lyophilized for 24 h at -50° C, placed in 
90% acetone (0.45 to 0.55 ml) and extracted at -20° C for 24 h. Filtered extracts (350 µl) 
were injected into a Shimadzu HPLC. Pigment peaks were identified by comparison of 
retention times and absorption spectra with pure standards (DHI, Denmark). The 
synthetic carotenoid β-apo-8'-carotenal (Sigma) was used as an internal standard. Flow 
cytometry samples were analyzed on a Becton-Dickinson Influx cytometer using 488 nm 
blue excitation laser with chl-a (692 nm) and phycoerythrin (580 nm) emission bands. 
Fluorescence was collected using log amplification and recorded in relative units. Counts 
of cyanobacteria (Prochlorococcus and Synechococcus), pico- and nanoeukaryotes were 
converted to cell abundances (cells ml
-1
; Sieracki et al. 1993). Relative fluorescence units 
(RFU cell
-1
) are reported for the individual groups. We used the Casey et al. (2013) 
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method to estimate cell carbon content (QC). That approach used cultures and natural 
samples collected in the Sargasso Sea to derive the following empirical relationship 
between forward scatter pulse height (FSC) and QC: 
                               (1) 
Total particulate organic carbon (POC) biomass for specific groups (mg C m
-3
) was 
found by multiplying cell abundances (cells m
-3
) by carbon per cell (fg C cell
-1
). 
 
Calculations 
 Measurements of chl-a biomass and primary productivity made at discrete depths 
were integrated using trapezoidal integration to the deepest sampling depth on each cast. 
We calculated assimilation numbers (P
Chl
; mg C mg chl-a
-1
 d
-1
) for each phytoplankton 
size fraction by dividing PP by chl-a biomass. Using the flow cytometry data, we 
calculated phytoplankton growth rates (d
-1
) by dividing total rates of PP (mg C m
-3
 d
-1
) by 
total POC (mg C m
-3
) (Kirchman 2002). As microphytoplankton POC was not measured, 
microphytoplankton chl-a concentrations were converted to POC by applying a C:Chl-a 
ratio of 50 (g:g) (Longhurst et al. 1995; Lomas et al. 2012; Laws 2013) and these values 
were added to the flow cytometry-derived pico- and nanophytoplankton POC to give total 
POC. P-B diagrams were constructed using the approach of Tremblay and Legendre 
(1994), beginning with the premise that: 
                                    (2) 
where PT and BT are total production and biomass, and are equal to the sum of small (PS 
and BS) and large phytoplankton (PL and BL). Data were plotted as proportions of large to 
total production versus large to total biomass. We divided the phytoplankton community 
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into three size fractions while Tremblay and Legendre constructed P-B diagrams using 
only two size fractions: “small” and “large”. Thus, we present our data in two ways: 
“large” defined as > 20 m and “large” defined as > 2 m where the nano- and 
microphytoplankton size classes are grouped together. 
 
Statistical Analyses 
 We used analysis of variance (ANOVA; = 0.05) to determine whether total and 
size-fractionated measurements of chl-a and rates of PP varied significantly with respect 
to depth. The data were pooled from all cruises and integrated values were used to 
normalize chl-a or production rates measured at discrete depths. Where significant 
differences were found, a non-parametric Dunnett’s T3 post hoc analysis was performed. 
 We also evaluated whether assimilation numbers and phytoplankton growth rates 
varied significantly with respect to depth using an ANOVA and non-parametric 
Dunnett’s T3 post hoc analyses. The flow cytometry data: per cell fluorescence and POC 
values for the individual groups (Prochlorococcus, Synechococcus, pico- and 
nanoeukaryotes) were also evaluated with respect to depth, as described previously. 
Assimilation numbers calculated for each size fraction were compared using a paired t-
test to distinguish any differences in P
Chl
 among the three size classes. We also 
determined whether phytoplankton growth rates measured at discrete depths differed 
significantly among the four cruises using an ANOVA and Dunnett’s T3 post hoc 
analyses. 
 Spearman rank non-parametric correlation analyses were used to determine whether 
size-dependent contributions to total chl-a were proportional to size-dependent 
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contributions to total PP. Data on the relative contributions (as %) of pico-, nano-, and 
microphytoplankton to total chl-a and total PP were pooled from all cruises; discrete 
depths were analyzed separately. 
 Total integrated chl-a and total PP were evaluated using an ANOVA and Dunnett’s 
T3 post hoc analysis to determine whether there were significant differences in these 
parameters among individual cruises. To determine which size fraction(s) best explained 
the variability in total integrated chl-a and PP, we performed stepwise multiple linear 
regressions where total chl-a and total PP were the response variables and pico-, nano-, 
and microphytoplankton chl-a and PP rates were the predictor variables. 
 A paired t-test was used to evaluate whether the choice of a 2 m or 20 m threshold 
to define the “large” phytoplankton resulted in a significantly different distribution of 
data points on our P-B diagram. The relative contributions to total chl-a and total PP were 
compared between the two thresholds. 
 
3.4 RESULTS 
General conditions 
Conditions in the Sargasso Sea showed seasonal variability, where mixing in the spring 
(mixed layer depths (MLD) = 75 to 201 m) was followed by summer stratification (MLD 
= 10 to 28 m) (Table 3.1). Mixed layer temperatures were between 19 and 21°C on spring 
cruises and 27 – 28°C in summer. The euphotic zone depth was between 79 and 122 m, 
with no distinct seasonal pattern. In spring, N+N concentrations in the mixed layer were 
0.06 – 0.88 mmol m-3 but were nearly undetectable in summer. Concentrations of total 
chl-a followed the same trend; values in the mixed layer exceeded 0.40 mg m
-3
 in spring 
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and were 0.04 - 0.10 mg m
-3 
in summer. Vertical profiles of total chl-a showed deep 
chlorophyll maxima (DCM) between 80 and 120 meters on summer cruises (Fig. 3.2). 
We also observed a DCM in spring 2012 at the BATS station, where the MLD shoaled to 
~75 m as compared to conditions in the center of the eddy (Table 3.1). Variability among 
eddy stations and BATS are evident in the physical, chemical and biological conditions 
we measured and have been compared in a previous publication (Cotti-Rausch et al. 
2016). In this study, we lacked adequate replication (n = 1 or 2) to compare size-
fractionated data among the individual sampling stations. 
 
Depth-specific phytoplankton biomass and productivity 
 Pooling all cruise data showed that total chl-a varied significantly with depth (Table 
2). Discrete depth concentrations of total chl-a at 80 m and below were significantly 
higher than nearer to the surface (Fig. 3.3; Table C.1). The relative contributions of the 
three size classes to total chl-a did not vary significantly with depth (Table 3.2). 
Picophytoplankton contributed 79 ± 10% of the total chl-a at all stations and sampling 
depths (Fig. 3.4). Rates of total PP were significantly higher at 20 m, 50 m, and 80 m 
than at 100 m or below (Fig. 3.5, Table C.1) but contributions by size fractions did not 
differ with depth (Table 3.2). Picophytoplankton contributed 79 ± 20% of the total PP at 
all stations and sampling depths (Fig. 3.5). Overall, we found no significant correlation 
between the relative contributions of each size fraction to total chl-a vs. relative 
contributions to total PP (Table 3.3). 
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Assimilation numbers 
 Assimilation numbers for the pico- and microphytoplankton size classes varied 
significantly with depth (Fig. 3.6; Table 3.2). In surface waters, microphytoplankton P
Chl
 
were significantly higher than for the picophytoplankton (86.8 vs. 23.4 mg C mg chl-a
-1
 
d
-1
, respectively; Table C.1). The assimilation numbers for both size classes decreased 
significantly with depth, from 23.4 to 1.6 mg C mg chl-a
-1
 d
-1
 for picophytoplankton and 
86.8 to 2.6 mg C mg chl-a
-1
 d
-1 
for microphytoplankton at 20 m and 100 m, respectively 
(Table C.1). 
 
Pico- and nanophytoplankton cellular fluorescence and carbon 
 Chlorophyll-a fluorescence profiles of all groups showed seasonal trends (Fig. 7). 
Fluorescence per cell increased significantly with depth in summer, but not in spring 
(Table 3.4; Table C.2). Fluorescence increased with increasing cell size, from 
Prochlorococcus (0 - 200 relative fluorescence units (RFU) cell
-1
; Fig. 3.7a) to 
nanoeukaryotes (3000 – 8500 RFU cell-1; Fig. 3.7d). Carbon per cell for 
Prochlorococcus, Synechococcus, pico- and nanoeukaryotes ranged, over all stations and 
depths, from 20 to 150, 175 to 600, 2250 to 7500 and 12000 to 15000 fg C cell
-1
, 
respectively (Fig. 3.7e - h). In spring, carbon per cell did not change with depth (Fig. 
3.7e-h; Table 3.4). In summer, Prochlorococcus POC increased significantly at 100 m 
(Fig. 3.7e; Table C.2). 
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Phytoplankton growth rates 
 Phytoplankton growth rates were calculated by dividing total PP (Fig. 3.8a) by total 
POC biomass (Fig. 3.8b) so that growth rates were greatest in the upper 80 m (Fig. 3.8c; 
Table C.3), where the majority of production occurred. With the exception of summer 
2012, phytoplankton growth rates were lower than 0.30 d
-1
 at all depths (Figure 3.8c). 
Growth rates in the upper 50 m were significantly lower in summer 2011 (mean = 0.08 – 
0.14 d
-1
) as compared to summer 2012 (mean = 0.33 to 0.44 d
-1
) (Table C.3). 
 
Integrated biomass and productivity  
Integrated total chl-a biomass varied along transects from the center of each eddy to 
the BATS station though there were no consistent patterns by cruise or season (Fig. 3.9a). 
Over the four cruises, integrated picophytoplankton chl-a biomass ranged from 8 to 28 
mg m
-2
 and the picophytoplankton comprised 53% or more of the integrated total chl-a 
(Table 3.5). In all but a single case (at BATS in spring 2011) the nanophytoplankton size 
class comprised ≤ 25% of the integrated total chl-a and microphytoplankton accounted 
for no more than 22%. Multiple linear regression analysis found that picophytoplankton 
biomass explained 84% of the variance in integrated total chl-a (Fig. 3.10a). Total 
integrated PP rates ranged from 91 to 350 mg C m
-2
 d
-1
 and was significantly higher in 
summer 2012 as compared to summer 2011 (Fig. 3.9b). Picophytoplankton contributed 
more than 46% of the integrated total PP (Table 3.6). Contributions by the 
nanophytoplankton to total PP ranged from 1% to 34% and relative contributions by 
microphytoplankton were 0 to 38%. Picophytoplankton productivity explained 87% of 
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the variability in integrated total PP measurements (Fig. 3.10b). We found no significant 
correlation between the relative contributions of each size fraction to total integrated chl-
a vs. relative contributions to total PP (Table 3.3). 
We found the two definitions of “large” phytoplankton (> 2 m or > 20 m) resulted 
in a statistically different distribution of data points (Fig. 3.11). With the exception of a 
single point, all data clustered in the lower left-hand corner of the P-B diagram. 
 
3.5 DISCUSSION 
While Sargasso Sea phytoplankton communities have been studied extensively (e.g., 
Bidigare et al. 1990, DuRand et al. 2001, Lomas & Bates 2004, Treusch et al. 2012) there 
is relatively little information on concurrent measurements of size-fractionated chl-a and 
PP in the literature (Prézelin & Glover 1991, Malone et al. 1993, Goericke 1998). Our 
results agree with studies that do exist: small phytoplankton comprise the majority of 
phytoplankton biomass and primary production in the Sargasso Sea. 
Global analyses of total chlorophyll-a biomass suggest that nutrient availability 
regulates total phytoplankton biomass while predation controls community size structure 
(Chisholm 1992, Thingstad 1998, Li et al. 2002). According to the Thingstad (1998) 
model, small phytoplankton comprise an “unchanging background” and only after a 
minimum biomass threshold is reached (determined by a balance of bottom-up and top-
down control) can larger size classes be added to the community. Therefore, the 
contributions of larger phytoplankton to total community biomass should be positively 
correlated to increasing concentrations of total chl-a (Raimbault et al. 1988, Claustre 
1994, Goericke 2011a).  
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In our study, though nano- and microphytoplankton were often present, these size 
classes did not exhibit a positive relationship with total biomass as would be predicted by 
Thingstad (1998). Goericke (2011b) also found the biomass distribution of intermediate 
size classes did not follow these general rules in the Sargasso Sea. Total chl-a inventories 
were ≤ 39 mg m-2 (Table 3.2) and variability in the biomass and productivity of the 
picophytoplankton size-class explained 84% of the variance in integrated total chl-a and 
87% of the variance in total PP. These data suggest, therefore, that the picophytoplankton 
size class drives the response of the total phytoplankton community to changing 
environmental conditions in this region. 
 
Vertical trends in phytoplankton biomass and productivity 
 Our data clearly demonstrated the well-documented seasonal hydrography of the 
Sargasso Sea (Michaels & Knap 1996, Steinberg et al. 2001, Lomas et al. 2013): deep 
winter/spring mixing driven by storm activity and thermal stratification in summer. For 
all cruises the majority of total chl-a was found at depths at or below 80 m. In summer, 
we found evidence of photoacclimation (higher fluorescence per cell) in pico- and 
nanoplankton samples collected from 100 m where the MLD was less than 28 m. Deep 
chlorophyll maxima were observed near the base of the euphotic zone so that total chl-a 
and fluorescence per cell increased with depth in response to lower light availability and 
the lack of vertical mixing through the entire euphotic zone (see also Cullen 2015). 
 Although we found the majority of chl-a biomass at or below 80 m, 84% of the 
carbon fixation occurred above these depths. On our cruises, low PP (< 1 mg C m
-3
 d
-1
) 
and low growth rates (≤ 0.15 d-1) suggested that DCM communities were not highly 
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active, providing a clear example of a disproportionate relationship between chl-a 
biomass and productivity. The vertical offset between these parameters results in high 
assimilation numbers in surface waters (between 10 and 160 mg C mg chl-a
-1
 d
-1
), for all 
size classes. Goericke and Welschmeyer (1998) reported hourly P
Chl
 rates of 2 – 7 in the 
Sargasso Sea. Using a daylength of 12.5 hours (the average period on our cruises), our 
P
Chl
 rates convert to 0.80 – 12.8 mg C mg chl-a-1 d-1, comparable to their measurements. 
Previous studies in oligotrophic waters have shown that large eukaryotes have higher P
Chl
 
than picophytoplankton in surface waters (Fernández et al. 2003, Marañón 2005, Poulton 
et al. 2006). This was also the case in our study; at 20 m microphytoplankton P
Chl
 rates 
were greater than those of the picophytoplankton. Differences in the C:Chl-a ratios of 
individual size fractions may drive differences in the P
Chl 
rates we measured. These ratios 
are highly variable, as Goericke and Welschmeyer (1998) found C:Chl-a ratios (g:g) 
varied from 250 at the surface to 25 at depth during summer in the Sargasso Sea. 
Additionally, some studies have indicated C:Chl-a ratios are greater in oligotrophic 
waters (Buck et al. 1996, Chavez et al. 1996) and can be higher in small cells (Malone 
1980). Unfortunately, due to our sampling scheme we could not directly compare our 
size-fractionated measurements of POC and chl-a. It is also likely lower 
picophytoplankton P
Chl 
results from low pigment packaging. The packing of individual 
pigment molecules within a cell, termed self-shading, decreases the specific absorption 
efficiency relative to pigments in solution (Duysens 1956, Morel & Bricaud 1981) and is 
positively related to cell size (Ciotti et al. 2002). In bright surface waters, self-shading is 
beneficial as it helps prevent photoinhibition (Berner et al. 1984). We found size-
dependent differences in P
Chl
 were not present at the DCM, where P
Chl
 for all size 
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fractions were < 10 mg C mg chl-a
-1
 d
-1
. All size classes increase intracellular chl-a 
concentrations in response to low light (Raven 1998, Letelier et al. 2004).  
 Clearly, grouping phytoplankton into “pico”, “nano”, and “micro” size classes does 
not account for variability associated with taxonomic diversity. For example, in summer 
we found the cell carbon content of Prochlorococcus was 4x greater at 100 m compared 
with surface waters. The observed increase in Prochlorococcus cell carbon is coincident 
with the strong vertical partitioning that occurs under stratified conditions whereby 
predominantly low-light adapted ecotypes dominate deeper in the water column 
(Coleman & Chisholm 2007). Low light Prochlorococcus ecotypes have larger genomes 
and larger cell sizes and carbon content, as compared to high light adapted ecotypes that 
dominate surface waters (Biller et al. 2015). Larger cell sizes may also explain why we 
observed a greater increase in fluorescence per cell at the DCM in Prochlorococcus 
(~25x) compared to the eukaryotes (~3 to 4x). 
 
Influence of mesoscale phenomena on phytoplankton growth rates 
 Goericke & Welschmeyer (1998) considered what effect winter/spring nutrient 
enrichment and summer depletion has phytoplankton growth rates in the Sargasso Sea, 
and found rates remained < 0.4 d
-1
 over the annual cycle. This suggested that the system 
was resilient to changes in nutrient supply and that production was tightly coupled to 
grazing. On three of our four cruises we found phytoplankton growth rates were < 0.2 d
-1
, 
while in summer 2012, phytoplankton growth rates were significantly higher (means 0.31 
- 0.44 d
-1
). In their study, Goericke & Welschmeyer stipulated that their observations 
were for “steady state” conditions while transient responses to nutrient enrichment are 
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expected. The seasonal shift acts gradually, while mesoscale eddies, occurring over 
spatial scales < 100 km, disrupt the water column structure on timescales of days to 
weeks (McGillicuddy & Robinson 1997). Therefore, we inferred that the interaction 
between two eddies in summer 2012 promoted sub-mesoscale turbulence that temporarily 
injected nutrients into the euphotic zone and generated this biological response (e.g., 
Klein et al. 2008). Interestingly, under these conditions phytoplankton > 2 m in size 
were responsible for up to 54% of total PP but represented < 25% of total chl-a 
inventories. While the response of larger phytoplankton to changing environmental 
conditions can modify community size structure (Poulton et al. 2006), we found 
picophytoplankton dominated phytoplankton standing stocks at all times. The mismatch 
between size-fractionated chl-a biomass and production is evaluated in the following 
section. 
 
Implications for planktonic food webs 
 Accurate representations of phytoplankton community size structure are vital to 
constructing food web models (e.g., Vézina & Platt 1988, Richardson & Jackson 2007, 
Marquis et al. 2011). When size-fractionated productivity rates are unavailable, the 
productivity of individual size fractions must be derived from size-dependent 
contributions to total chl-a biomass (Richardson et al. 2003, Daniels et al. 2006, 
Richardson et al. 2006). Our results for the Sargasso Sea illustrate a potential problem 
with this approach: we found no correlation between the relative contributions by any 
size class to total chl-a versus relative contributions to total PP. Poor correlations 
between size-fractionated phytoplankton chl-a biomass and productivity have been found 
  67 
previously in oligotrophic waters characterized by low total chl-a biomass (Bienfang & 
Szyper 1981, Hayward et al. 1983, Malone et al. 1993, Marañón et al. 2003).  
 We used the P-B framework to evaluate this mismatch. When we considered the 2 
m threshold (nano + microphytoplankton = “large”) our dataset clustered in the lower 
left hand quadrant and the majority of data (8 of 11 data points) fell above the main 
diagonal (Fig. 3.11). In our study, integrated total chl-a was less than 40 mg m
-2
, and our 
data closely matched those data from oligotrophic waters as represented by Tremblay & 
Legendre (1994). 
 While our data were typical of oligotrophic regions we wanted to evaluate the 
proportionality of size-fractionated biomass and production sampled from diverse 
environments. Therefore, we extracted concurrent measurements of size-fractionated chl-
a and primary productivity from 103 published datasets representing coastal, estuarine 
and open-ocean sites (Table C.4). We selected a size threshold of 3 m to distinguish the 
small phytoplankton from larger size classes, resulting in data from 59 studies being used 
to construct the P-B diagram. Of these, 11 were used in the original Tremblay & 
Legendre publication. 
 Total chl-a biomass has been used as a proxy for nutrient supply in order to 
differentiate oligotrophic and eutrophic waters (Marañón et al., 2014). Therefore, we 
aggregated data using the mean total chl-a concentrations measured by each study (Fig. 
12). We evaluated the relative contributions by large phytoplankton to total chl-a and 
total PP using a univariate ANOVA ( = 0.05) and Dunnett’s T3 to differentiate the 
binned datasets (Table S5). Studies from the North Atlantic, Arabian Sea and 
Mediterranean Sea found that the biomass of small, non-blooming taxa declined when 
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total chl-a exceeds 1 mg m
-3
 (Claustre 1994, Goericke 2002). Results of post hoc 
analyses found that large phytoplankton contributed the majority (>69%) to total chl-a 
and total PP above this biomass threshold, significantly higher than in oligotrophic waters 
(total chl-a < 0.25 mg m
-3
). A paired t-test ( = 0.05) showed large phytoplankton 
contributions to production exceeded their contributions to biomass (36 ± 5% vs. 28 ± 
5%, respectively) in the most oligotrophic waters (total chl-a < 0.25 mg m
-3
) (Fig. 3.12; 
Table C.5). The P-B model suggests that in oligotrophic waters phytoplankton standing 
stock is controlled by grazing (Tremblay & Legendre 1994). When small cells dominate 
biomass and production we expect to find a predominantly microbial food web (Legendre 
& Le Fèvre 1991) where microzooplankton control picophytoplankton biomass (Azam et 
al. 1983). However, when size-fractionated biomass and production are uncoupled, as in 
our study, this suggests a mismatch occurred between production and the dominant food 
web structure (Marañón et al. 2003). Microphytoplankton can be consumed directly by 
larger zooplankton, thus bypassing the dominant microbial pathways (Michaels & Silver 
1988). Often, picophytoplankton contributions to POC flux in aggregate form (un-grazed) 
are considered less than their direct grazing losses within the microbial food web 
(Michaels & Silver 1988; Legendre & Rassoulzadegan 1996). Though, some data 
suggests that cyanobacteria, the numerically dominant picophytoplankton taxa, are not as 
tightly controlled by predation due to parallel grazing on heterotrophic bacteria (Goericke 
2011a). Additionally, recent modeling efforts (Richardson & Jackson 2007) and field 
data from BATS (Lomas & Moran 2011, Amacher et al. 2013) have found contributions 
by picophytoplankton to particle flux in the Sargasso Sea can be substantial. Collectively, 
these interactions constitute food web control of phytoplankton standing stocks. 
  69 
 
3.6 CONCLUSION 
Our study on size-fractionated phytoplankton communities in the Sargasso Sea 
revealed that microphytoplankton assimilation numbers can exceed the 
picophytoplankton size class by 4x. While these results are significant, they are limited to 
surface waters (20 m) while modelers use depth-integrated measurements to construct 
food web flows. Our integrated data showed size-fractionated PP was not proportional to 
size-fractionated chl-a biomass. Therefore, measurements of chl-a would incorrectly 
estimate microphytoplankton PP by 10±9%. When we expanded our query on this 
‘proportionality’ assumption to include eutrophic regions, we found the mismatch 
between large phytoplankton chl-a and PP was only found in the most oligotrophic 
waters (total chl-a < 0.25 mg m
-3
). Even in these regions, microphytoplankton production 
would only be overestimated by ~8% if size-fractionated contributions to chl-a were used 
to estimate PP. Our analyses emphasized the importance of food web control on 
phytoplankton standing stocks in oligotrophic regions. 
 
  
7
0 
Table 3.1 Dates and locations of sampling in the Sargasso Sea in 2011 and 2012. 
 Cruise 
(Eddy) 
Season Dates Stn Coordinates 
(Lat, Long) 
# T (C) MLD 
(m) 
EZ (m) N+N 
(mmol m
-3
) 
Tchl-a  
(mg m
-3
) 
 
 AE1102 
(AC1) 
Spr 2/24/11 
– 3/5/11 
C 
E 
29.7° N, 64.1° W 
30.5° N, 64.1° W 
1 
1 
20.9      
20.5 
201            
138 
107       
121 
0.10      
0.11 
0.14           
0.32 
 
    B 31.7° N, 64.2° W 1 19.0 181 79 0.88 0.38  
 AE1118 
(C1) 
Sum 
7/22/11 
– 8/5/11 
C 
E 
30.8° N, 65.8° W 
31.3° N, 64.9° W 
2 
1 
27.6  0.4 
28.2 
10  4      
12 
nd 
nd 
0.00  0.00 
0.05 
0.04  0.01   
0.06 
 
    B 31.7° N, 64.2° W 2 27.4  0.2 23  2 nd 0.02  0.01 0.04  0.00  
 
AE1206 
(C2) 
Spr 
3/15/12 
– 
3/23/12 
C 
B 
32.8° N, 63.5° W 
31.7° N, 64.2° W 
2 
2 
19.5  0.0 
20.6  0.1 
159  9 
75  14 
92  2   
98  11 
0.14  0.08 
0.06  0.07 
0.41  0.13   
0.27  0.18 
 
 
AE1219 
(AC2) 
Sum 
7/19/12 
– 
7/31/12 
C 
E 
B 
33.5° N, 64.5° W 
32.4° N, 64.4° W 
31.7° N, 64.2° W 
2 
2 
2 
27.0  0.0 
27.2  0.3 
27.6  0.2 
21  4 
28  1 
17  3 
122  3 
119  
18 nd 
0.02  0.01 
0.02  0.00 
0.04  0.00 
0.05  0.01 
0.10  0.04 
0.05  0.00 
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Table 3.2 ANOVA results testing for vertical differences in select parameters. 
 Variable df F p  
 
Pico chl-a 3(63) 1.904 0.138 
 
 Nano chl-a 3(63) 1.54 0.213  
 Micro chl-a 3(63) 1.22 0.779  
 Total chl-a 3(63) 37.016 0.000  
 Pico PP 3(63) 2.751 0.050  
 Nano PP 3(63) 2.967 0.038  
 Micro PP 3(63) 1.22 0.310  
 Total PP 3(63) 18.848 0.000  
 Pico P
Chl
 3(63) 11.885 0.000  
 Nano P
Chl
 3(23) 1.515 0.237  
 Micro P
Chl
 3(30) 7.706 0.001  
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Table 3.3 Results of correlation analyses for select parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          %Tchl-a vs. % TPP 
 
 Depth (m) Pico Nano Micro  
 20 -0.135(0.593) 0.010(0.967) 0.410(0.093)  
 50 0.209(0.404) 0.044(0.861) 0.255(0.306)  
 80 -0.169(0.547) -0.350(0.201) -0.060(0.831)  
 100 0.069(0.794) -0.302(0.238) 0.091(0.729)  
 INT 0.080(0.771) -0.221(0.380) 0.040(0.894)  
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Table 3.4 ANOVA results testing for differences between spring and summer cruises. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    RFU cell
-1
 POC cell
-1
  
 Season Group df F p F p  
 Spring Pro 4(20) 3.427 0.270 3.427 0.270  
 
 
Syn 4(20) 0.459 0.765 0.459 0.765  
 
 
Peuk 4(20) 1.574 0.220 1.574 0.220  
 
 
Neuk 4(20) 4.204 0.120 4.204 0.120  
 
     
   
 Summer Pro 4(42) 64.389 0.000 20.550 0.000  
 
 
Syn 4(42) 38.046 0.000 1.684 0.172  
 
 
Peuk 4(42) 21.624 0.000 1.900 0.128  
 
 
Neuk 4(42) 23.975 0.000 0.583 0.677  
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Table 3.5 Average size-fractionated integrated chl-a biomass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Season/ 
Year 
Stn. Pico chl-a Nano chl-a Micro chl-a  
Spring 
2011 
C 
E 
8 (53%) 
23 (72%) 
5 (35%) 
2 (6%) 
2 (12%) 
7 (22%) 
B 25 (65%) 12 (32%) 1 (3%)  
Summer 
2011  
C 
E 
10 ± 1 (75%) 
20 (85%) 
1 ± 1 (9%) 
1 (7%) 
2 ± 2 (16%) 
2 (8%) 
 
B 13 ± 1 (81%) 3 ± 1 (16%) 1 ± 0 (3%) 
 
 
Spring 
2012 
C 28 ± 4 (74%) 10 ± 3 (25%) 0 ± 1 (1%)  
B 22 ± 6 (84%) 3 ± 0 (11%) 1 ± 0 (5%) 
 
 
Summer 
2012 
C 
E 
13 ± 4 (76%) 
24 ± 4 (83%) 
2 ± 1 (11%) 
3 ± 1 (9%) 
2 ± 2 (13%) 
2 ± 1 (8%) 
 
B 10 ± 2 (81%) 1 ± 1 (9%) 1 ± 0 (10%)  
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Table 3.6 Average size-fractionated integrated PP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Season/ 
Year 
Stn. Pico PP Nano PP Micro PP  
Spring 
2011 
C 
E 
52 (56%) 
174 (94%) 
6 (7%) 
9 (4%) 
35 (38%) 
5 (2%) 
B 123 (76%) 13 (6%) 25 (17%)  
Summer 
2011  
C 
E 
124 ± 17 (85%) 
73 (64%) 
8 ± 6 (5%) 
7 (6%) 
14 ± 5 (10%) 
34 (30%) 
 
B 72 ± 32 (77%) 7 ± 3 (8%) 12 ± 10 (15%)  
Spring 
2012 
C 128 ± 115 (99%) 1 ± 2 (1%) 0 (0%)  
B 119 ± 12 (81%) 6 ± 5 (4%) 21 ± 7 (15%)  
Summer 
2012 
C 
E 
198 ± 13 (84%) 
205 ± 64 (83%) 
27 ± 15 (11%) 
23 ± 33 (7%) 
12 ± 6 (5%) 
22 ± 5 (10%) 
 
B 90 ± 76 (46%) 57 ± 7 (34%) 32 ± 12 (20%)  
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Fig. 3.1 Locations of stations sampled in the 
Sargasso Sea. 
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Fig. 3.2 Total chl-a profiles calculated from fluorescence profiles. 
  78 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3 Size-fractionated chl-a biomass measured at 
discrete depths. 
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Fig. 3.4 Relative contributions 
to total chl-a of individual size 
classes. 
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Fig. 3.5 Size-fractionated PP measured at discrete depths. 
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Fig. 3.6 Vertical profiles of P
Chl
 for individual size classes. 
  82 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.7 Vertical profiles of RFU and cell-specific POC. 
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Fig. 3.8 Vertical profiles 
of total PP, POC and C-
based growth rates. 
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Fig. 3.9 Integrated measurements of total chl-a and total PP. 
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Fig. 3.10 Scatterplots of total chl-a vs. total PP. 
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Fig. 3.11 P-B diagrams using integrated data from all 
Trophic-BATS cruises. 
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Fig. 3.12 P-B diagrams using literature data. 
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CHAPTER 4 
CARBON CYCLING THROUGH FOOD WEBS OF THE SARGASSO SEA: AN 
EXPLORATION USING INVERSE MODELS AND NETWORK ANALYSES
3
 
 
4.1 ABSTRACT 
In the surface ocean, trophic interactions modify the carbon fixed by phytoplankton via 
photosynthesis and thus regulate the magnitude of particulate carbon export; these 
interactions constitute the “biological pump”. How efficient the pump is at removing 
fixed carbon from the surface ocean depends on planktonic community composition and 
the cumulative activities of the food web. Over a series of four cruises in 2011 and 2012 
(spring and summer) our research team measured each trophic level of the planktonic 
food web in the Sargasso Sea. These field data were synthesized into 11 carbon-based 
inverse food web models containing 42 individual flows. Results from our inverse 
analyses were then evaluated using a network analysis toolkit. Our objective was to 
characterize carbon flows and quantify the structure and function of planktonic food webs 
over a variety of environmental conditions. To this end, we sampled within and outside 
four mesoscale eddies, one per cruise. We found that while the topology of our food webs 
could vary in response to mesoscale and sub-mesoscale changes in water column 
structure, overall, microbial pathways dominated. Microzooplankton processed ~64% of
                                                          
3
 Cotti-Rausch BE, Condon RH, De Martini F, Lomas MW, Neuer S, Wilson SE, Richardson TL. To be 
submitted to Progress in Oceanography. 
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total carbon flowing through the system and, combined with small phytoplankton (< 2 
m) and heterotrophic bacteria, these groups constituted more than 70% of community 
respiration rates. Network analyses showed that most carbon leaving our system 
originated with the small phytoplankton; particulate carbon export by this size class was 
directly proportional to their contributions to total production. Additionally, detritivory 
was relatively more important than herbivory so that this trophic pathway constituted 
~35% of total system activity. Our models also showed that the copepod-dominated 
mesozooplankton size class relied primarily on microzooplankton and detrital prey items 
(47 to 89% and 6 to 43% of their diet, respectively) while predation on large 
phytoplankton (2 to 200 m) constituted less than 16% of the carbon consumed by this 
size class. Mesozooplankton grazing rates were positively correlated with larger, more 
active food webs that displayed a strong inverse relationship with e-ratios (= carbon 
exported/total carbon fixed). Therefore, in our study the efficiency of the biological pump 
was controlled by the magnitude of carbon generated by microbial pathways that then 
fueled the activities of larger zooplankton. 
 
4.2 INTRODUCTION 
The role of the oceans in the global carbon cycle has received much attention in recent 
decades as atmospheric CO2 concentrations increase and ~90 gigatons of carbon are 
exchanged with the ocean each year (Falkowski et al. 2000). Approximately 60% of the 
carbon stored in our oceans is through the biologically-mediated actions (Passow and 
Carlson 2012), beginning with the activity of unicellular algae and modified by a series 
of trophic interactions. Between the surface and the deep ocean, a suite of biological 
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processes act on sinking organic material whereby fixed carbon is lost through respiration 
(Harrison et al. 2001; Marra 2009), undergoes dissolution and microbial breakdown 
(Jumars et al. 1989; Nelson and Carlson 2012), or is transformed via repackaging of 
sinking particles (Alldredge and Silver 1988; Longhurst and Harrison 1989; Wilson et al. 
2008). These activities are included in the “biological pump” (Volk and Hoffert, 1985; 
Longhurst and Harrison, 1989; Longhurst, 1991) and the mechanisms regulating pump 
efficiency (amount of carbon exported relative to total carbon fixed) have been 
investigated at great length (Eppley and Peterson 1979; Michaels and Silver 1988; Rivkin 
et al. 1996; Boyd and Newton 1999; Karl et al. 2001; Buesseler et al. 2007); we focus on 
the biological pump in oligotrophic regions. 
Controls on the pump are exerted at multiple levels, beginning with the composition, 
size-structure, and function of the phytoplankton community (Legendre and Le Fèvre 
1995; Boyd and Newton 1999; Lomas and Bates 2004; Brew et al. 2009). Historically, 
the activity of large cells (diatoms) has been synonymous with pump efficiency as they 
contribute disproportionately more to carbon export relative to the small, unballasted 
cells (Smayda 1970; Michaels and Silver 1988; Tremblay et al. 1997; Ducklow et al. 
2001; Armstrong et al. 2002). A defining characteristic of oligotrophic subtropical gyres 
is the dominance of picophytoplankton (< 2 m in size) (Pomeroy 1974; Herbland and Le 
Bouteiller 1981; Li et al. 1983; Platt et al. 1983; DuRand et al. 2001) that constitute more 
than 50% of total production (Chapter 3). However, until more recently the fate of their 
biomass was considered to be recycled within the so-called “microbial loop” (Azam et al. 
1983), fueling the activity of nano- and microzooplankton and heterotrophic bacteria. We 
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now understand that picophytoplankton can contribute to C export through both indirect 
and direct pathways. 
Gelatinous zooplankton graze directly on picophytoplankton using mucous nets with 
a retention size of ~0.1 m (Flood 1978), while crustacean grazers (including ubiquitous 
copepods) feed on marine snow containing picophytoplankton aggregates (Ebersbach and 
Trull 2008; Wilson and Steinberg 2010; Motwani and Gorokhova 2013; Ebersbach et al. 
2014). These mechanisms repackage phytoplankton C into fecal pellets that can sink 
rapidly from the euphotic zone, at rates of up to 1600 m d
-1
 for some jellies (Bruland and 
Silver 1981; Alldredge 1993). Another potential export pathway includes the sinking of 
ungrazed aggregates that provide a non-trophically mediated mechanism of transport 
(Lampitt et al. 1993). Material containing cyanobacteria have been visually identified and 
quantified in sediment traps (Olli et al. 2002) and studies in the North Atlantic have 
shown molecular sequences belonging to picophytoplankton taxa to be overrepresented in 
trap material as compared to the water column (Amacher et al. 2013; De Martini 2016). 
Cyanobacteria biomarker pigments isolated from sediment traps in the Sargasso Sea 
show that picocyanobacteria, Prochlorococcus and Synechococcus, can contribute up to 
13 and 20% of total POC export, respectively (Lomas and Moran 2011). Modeling efforts 
have shown that modeled picophytoplankton packaged in fecal pellets of large 
zooplankton, or included in marine aggregates are mechanisms by which small 
phytoplankton contributions to export could equal their contributions to primary 
productivity (Richardson and Jackson 2007).  
 Studies performed at the Bermuda Atlantic Time-series Station (BATS) in the 
Sargasso Sea, have revealed many nuances of the biological pump described above (e.g., 
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Michaels et al. 1994; Boyd and Newton 1999; Neuer et al. 2002; Brix et al. 2006; 
Buesseler et al. 2008; Brew et al. 2009; McGillicuddy 2014). Here, we add the results of 
the NSF-funded collaborative “Trophic-BATS” project to this body of knowledge. Our 
study characterized trophic interactions between members of the planktonic community 
and quantified their cumulative impact on carbon export from the euphotic zone in the 
Sargasso Sea. On a series of four cruises (2011 and 2012) we sampled each trophic level 
at the same depths and locations and over a range of environmental conditions. This 
unique suite of measurements allowed us to construct robust models using these rates as 
direct inputs. We present the results of carbon-based food web models where inverse 
analysis techniques were used to reconstruct the flow of energy between individual 
groups. To our knowledge, this is the first time inverse analyses have been applied to data 
collected from the Sargasso Sea. Network analyses were employed to quantitatively 
describe the structure and function of our food webs. Our study provides insights into the 
mechanisms by which trophic interactions impact carbon cycling in oligotrophic regions 
that are expanding globally due to climate change (Polovina et al. 2008). 
 
4.3 MATERIALS AND METHODS 
Study area 
The Sargasso Sea is an oligotrophic region of the subtropical North Atlantic characterized 
by strong seasonal changes in hydrography; deep mixing (up to 300 m) in winter/spring 
gives way to thermal stratification in summer (Michaels and Knap, 1996; Steinberg et al., 
2001). Overlaying these seasonal patterns is forcing by mesoscale eddies (~100 km in 
diameter) that disrupts the vertical structure of the water column (McGillicuddy et al., 
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1998). Our analyses used data collected on four cruises in the Sargasso Sea on the R/V 
Atlantic Explorer: February 2011 (AE1102), July 2011 (AE1118), March 2012 (AE1206) 
and July 2012 (AE1219). Cruise dates, stations, geographical coordinates, and basic 
physical and chemical data can be found in Cotti-Rausch et al., 2016 (see Table 1). On 
each of the four cruises we sampled at the center and edge of a mesoscale eddy (with the 
exception of cruise AE1206; Table 1) and at the Bermuda Atlantic Time-series Study 
(BATS) site. Physical, chemical and biological conditions differed between seasons 
(spring vs. summer) and among individual cruises (Cotti-Rausch et al., 2016). The water 
column was generally well mixed on spring cruises and stratified in summer. Total chl-a 
biomass was evenly distributed throughout the water column in spring, and concentrated 
at the deep chlorophyll maximum (DCM, between 80 and 120 m) in summer. 
Synechococcus and Prochlorococcus alternated in dominance, with the former peaking in 
spring and the latter on summer cruises. Within these seasonal trends, our sampling 
location within an individual eddy often resulted in variations in water column structure. 
For example, in spring 2011, downwelling in the center of anticyclone AC1 resulted in 
reduced nutrient concentrations and lower total phytoplankton chl-a biomass as compared 
to conditions at BATS, and upwelling associated with cyclone C1 in summer 2011 was 
associated with increased contributions by haptophytes relative to the cyanobacteria-
dominated community at BATS.  
 Total integrated primary productivity ranged from 59 to 350 mg C m
-2
 d
-1
 over the 
four cruises with no significant trends related to eddy type or season (Chapter 3). 
Picophytoplankton contributed the majority to total integrated phytoplankton biomass 
and primary productivity. The microzooplankton community was dominated by 
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heterotrophic dinoflagellates (~72% of total C biomass), on all cruises (De Martini 2016), 
while the mesozooplankton were primarily copepods (~ 90%), as previously found in the 
region (Beers 1966; Deevey 1971; Roman et al. 2002). Overall, total mesozooplankton C 
biomass was lowest in spring 2011 (≤ 50 mg C m-2) and greatest in summer 2012 (≥ 175 
mg C m
-2
). Arrow worms were the most abundant organisms identified within the 
macrozooplankton size class; total biomass of this group was greater on 2012 cruises as 
compared to both cruises in 2011 (≤ 50 vs. ≥ 100 mg C m-2 d-1, respectively). We 
enumerated gelatinous zooplankton (namely, tunicates) on every cruise; the biomass of 
these groups was < 25 mg C m
-2
, at all times. 
 
Model development 
 Sampling within a background of mesoscale eddies provided us with a range of 
environmental conditions in which to explore carbon cycling within plankton 
communities of diverse structure. We constructed 10 models, one for each of the stations 
sampled. Each food web contained 42 flows (Table 1) and all webs were structured 
identically (Fig. 4.1). The structure of the webs was based on the assumption that the size 
of the producers and consumers was a major determinant of the trophic dynamics of the 
system. There were 7 living compartments that included 2 phytoplankton compartments, 
4 zooplankton compartments and one for heterotrophic bacteria. Phytoplankton were 
divided into “small” phytoplankton (SmP = 0.7 to 2 m), and “large” phytoplankton (LgP 
= 2 to 200 m). Three of the four grazing components were differentiated by size: the 
microzooplankton (mic) that encompassed nano- (1 - 20 m) and micro-sized (20 – 200 
m) grazers, mesozooplankton (mes = 200 to 1000 μm) and the macrozooplankton, 
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dominated by arrow worms (> 1000 μm). Gelatinous zooplankton were included as a 
separate compartment as they are generalist consumers (Fortier et al., 1994) that trap cells 
as small as bacteria (Flood et al., 1992) in mucosal feeding structures. Carbon inputs to 
the model were the net primary productivity (NPP) rates of both phytoplankton groups. 
Grazing relationships were generally determined by size, i.e. larger organisms consumed 
smaller ones. However, these rules are not absolute and we used the literature to establish 
feeding size thresholds and diet preferences. As copepods do not effectively graze on 
particles < 5 μm in size (Fortier et al. 1994; Schnetzer and Steinberg 2002), our copepod-
dominated mesozooplankton size class did not feed directly on small phytoplankton or 
bacteria. Also, while individual tunicates can be large (several millimeters in length), 
they net small organisms from the water column (often < 20 μm; Alldredge 1981) and 
can retain ~0.1 μm cells (Flood, 1978). In the models, therefore, gelatinous zooplankton 
consumed both size classes of phytoplankton as well as bacteria. Losses from all living 
compartments were to detritus (through death or sloppy feeding), and to the dissolved 
carbon pool (via sloppy feeding and excretion). Contributions to the detrital pool 
included zooplankton fecal pellets and discarded salp mucous nets (Madin and Purcell 
1992) and larvacean feeding houses (Berline et al. 2011). Detritus contributed to 
dissolved organic carbon (DOC) through dissolution or microbial activity (Jumars et al. 
1989). Losses from the system occurred via three pathways: respiration by all living 
compartments, direct losses of POC and DOC via sinking and advection, and 
consumption of meso- or macrozooplankton by higher trophic levels. Losses were 
represented as flows to an external “compartment” which served as a mathematical 
closure term.  
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Measurements and calculations 
Primary productivity and bacterial productivity 
 Net primary productivity values for the small and large phytoplankton were taken 
directly from Chapter 3. In that study, size-fractionated NPP was measured for the pico- 
(0.7 – 2 m), nano- (2 – 20 m) and microphytoplankton (20 – 200 m) on samples 
deployed in situ on a Plexiglas productivity array for 24 hours. For the model, we 
combined the nano- and microphytoplankton into one compartment, the large 
phytoplankton, because nanophytoplankton contributions to total NPP were relatively 
low (8 ± 8%) and because phytoplankton greater than 5 m in size can be consumed 
directly by the mesozooplankton (Fortier et al. 1994; Schnetzer and Steinberg 2002). 
 Rates of bacterial production (BP) were measured at each depth and station using 
using [
3
H-methyl] thymidine incorporation during 2 to 3 hour dark incubations at in situ 
temperatures. A median thymidine conversion factor of 2x10
18
 cells mol
-1
 thymidine 
(Ducklow and Carlson 1992) and a cell-specific C-biomass value of 4.5 fg C cell
-1
 was 
used to convert thymidine incorporation rates to C-based BP estimates using standardized 
equations (Carlson et al., 1996). Bacterial cells stained with DAPI were enumerated using 
epifluorescence microscopy with excitation at 365 nm and a total magnification of 1000x 
(minimum of 7 fields of view counted; Kirchman et al., 1983). Following enumeration, 
bacterial C biomass was determined using conversion factor from Carlson et al. (1996). 
For the models, rates were integrated over the top 100 m and averaged over multiple casts 
at the same station (Table D.1). 
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Zooplankton grazing rates 
 Microzooplankton grazing rates were taken from De Martini (2016) who measured 
grazing using the Landry and Hassett dilution approach (1982). Grazing rates used for the 
models were based on the removal of chl-a, therefore we assumed them to represent 
consumption of phytoplankton (not bacteria or detritus) by the microzooplankton. 
Assuming a fixed C:Chl-a ratio of 50, De Martini (2016) converted chl-a grazing rates to 
C (in mg C m
-3 
d
-1
). 
 Biomass values for the meso- and macrozooplankton were measured by day/night net 
tows at each station. Collections were timed to coincide as closely as possible with 
measurements of NPP, microzooplankton grazing, and bacterial production. Double 
oblique net tows (200 m) fitted with a non-filtering cod end were done following BATS 
protocol (Steinberg et al., 2001) with sampling depths from the surface to ~200 m. 
Following collection, tow samples were immediately size-fractionated through a series of 
sieves fitted with 200, 500, 1000, 2000 and 5000 m Nitex mesh, and preserved for 
mesozooplankton (200-1000 m) and macrozooplankton (>1000 m) abundances and C 
biomass analyses of each size class.  
 For the model, published measurements of individual C biomass (e.g., pelagic 
tunicates) were used when direct measurement of C biomass was not possible (e.g., for 
small gelatinous zooplankton). As data reflected the grazing community presence over a 
24-hour period (during deployment of productivity arrays), the day and night tows at a 
given station were averaged (Table D.2 and D.3). 
 Grazing rates of the meso- and macrozooplankton were determined indirectly using in 
situ measurements of individual C biomass (for the mesozooplankton), published daily 
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prey rations (arrow worms), and published clearance rates (gelatinous zooplankton). 
Where possible we used data collected in the Sargasso Sea or methods that have been 
used there previously. 
 We used a three-step method for estimating mesozooplankton grazing rates from 
measurements of biomass (Roman et al., 2002). First, the Hirst and Lampitt (1998) model 
was used to calculate growth:  
     
                     
        
    Eq. (1) 
where individual mesozooplankton C biomass (Wc = μg C ind
-1
) was found by dividing 
total mesozooplankton C biomass (mg C m
-3
) by total abundances (numbers m
-3
). Water 
column temperatures (T; in °C) were averaged to the depth of integration (100 m). 
Second, we calculated mesozooplankton production by multiplying growth rates (d
-1
) by 
standing stocks (mg C m
-3
). Finally, we assumed a production efficiency of 30% (Omori 
and Ikeda 1984) to arrive at grazing rates in units of mg C m
-3
 d
-1
. 
 The macrozooplankton community was largely comprised of arrow worms, known to 
feed primarily on copepods (Frid et al. 1994; Terazaki 1996; Kahayias and Ntakou 2008) 
but that can also consume gelatinous zooplankton (Purcell, 1991) and non-living prey 
items (Batistic et al. 2003). To estimate the grazing impact of this size class we used a 
prey ration of 2 prey d
-1
 individual
-1
 (Dilling and Alldredge 1993) where numbers of prey 
were converted to C (μg C d-1 individual-1) using individual mesozooplankton C biomass 
(as described previously). These values were then multiplied by total macrozooplankton 
abundances (number m
-3
) to achieve macrozooplankton grazing rates (in mg C m
-3 
d
-1
). 
 Grazing rates of the gelatinous zooplankton (salps and larvaceans) were calculated by 
first estimating organism-specific volumetric clearance rates and then by multiplying 
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these by organism abundances. For salps, we used a clearance rate of 0.112 l individual
-1
 
d
-1
 (Stone and Steinberg, 2016). For larvaceans, a rate of 2.8 ml μg body C-1 h-1 (Sato et 
al. 2004) was used, assuming a body C content of 0.01 mg C individual
-1
 (Alldredge 
1981; Deibel 1988; Sato et al. 2004) and converted to daily rates. Phytoplankton biomass 
(mg C l
-1
) was multiplied by volumetric clearance rates to calculate individual C-based 
grazing rates (mg C individual
-1
 d
-1
). 
 
Particulate carbon export 
 Flows of particulate carbon as detritus to the external compartment were estimated by 
measuring POC export at each station. POC export was quantified using surface-tethered 
particle interceptor traps (PITS) at 150 m (Knauer et al. 1979). Briefly, triplicate traps per 
depth were filled with a brine solution (86‰) containing formaldehyde (2% total volume, 
final concentration) and deployed simultaneously for 24 to 72 h, depending on the 
duration of time spent at the station. Traps were deployed immediately following 
deployment of the first productivity array and collected after retrieval of the final array, at 
a given station.  
 The sinking material was collected onto a 76 mm GE Osmonics filter and after 
recovery of the PITS, the upper seawater layer in each trap was siphoned to the seawater-
brine interface and swimmers removed manually. Samples were dried, the inorganic C 
volatilized, and the organic C content quantified using a CEC 440-XA CHN elemental 
analyzer (Knap et al. 1997). For the models, we used the POC export calculated from the 
mass of material captured at 150 m (Table D.4) based on trap surface area and the length 
of deployment (reported as mg C m
-2
 d
-1
).  
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Inverse analysis 
The inverse approach of Vézina and Platt (1988) was used to estimate values for all 
carbon flows in the system, using code written in Matlab 8.0 (R2012b) kindly provided 
by Dr. Nathalie Niquil (Centre national de la recherche scientifique, Caen, France). For 
convenience, the approach usually assumes that biomass in any compartment is in steady 
state, i.e., the total flows entering any compartment are equal to the flows leaving it 
without any accumulation or decrease (with the exception of the external 
“compartment”), although modifications to the approach can be made to accommodate 
non-steady state scenarios by allowing residual flows to balance the system (e.g. 
Richardson et al. 2003). Here, we made the assumption that the system was in steady 
state over the 2-3 days of sampling at each station; biomass and rate values were 
averaged over multiple casts at each station and were integrated over the euphotic zone 
(100 m). Thus, each model represents a snapshot of food web activity at that station and 
time interval. 
 Cruise data (described in the next section) were used to formulate 8 input equations 
(or “knowns”) for the inverse analysis. Five of the flows were measured directly: 1) NPP 
of the small phytoplankton, 2) NPP of the large phytoplankton, 3) microzooplankton 
grazing rates, 4) bacterial production rates, and 5) carbon export from the system. Three 
input flows were calculated from direct measurements of zooplankton standing stocks: 6) 
mesozooplankton grazing rates, 7) arrow worm grazing rates, and 8) gelatinous 
zooplankton grazing. Combined with 9 mass balance equations (one for each 
compartment; Table D.5), there were thus 17 equations available to describe the complete 
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network of 42 flows. Mathematically, this is an underdetermined system, a common 
scenario when working with complex marine food webs (van Oevelen et al. 2010). To 
limit the number of solutions, the inverse approach applies a set of biological constraints 
on the predictions of unknown flows. Constraints provide upper and lower bounds on the 
rates and efficiencies of biological processes. We applied a total of 34 constraints that 
relied on literature data and, more often, on standing stocks that we measured directly at 
sea (for details see Table D.6). The use of constraints limits the number of possible 
solutions but does not produce a unique solution set. For our analysis, we used a Markov 
Chain Monte Carlo (MCMC) solution technique (van den Meersche et al. 2009) written 
for Matlab (N. Niquil, pers. comm.). The MCMC approach calculates 10,000 possible 
solutions and gives a probability density function, from which we used the mean as our 
solution and the standard deviation as our estimate of error. 
 We assessed the sensitivity of our models to the value used for each of the 8 known 
flows by sequentially varying each value by ± the standard deviation calculated for each 
rate and re-running the model. The standard deviations for NPP, BP and 
microzooplankton grazing represent variation in these rates between repeated incubations 
at a single station. Large zooplankton grazing rates were averaged over multiple net tows 
performed at a given station. The standard deviations for POC export represent the 
variation among trap triplicates deployed together. The “new” (adjusted) solution set of 
42 flows was then compared to the original solution set and presented as a proportion of 
the new to old flow (as in Richardson et al. 2003).  
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Model data analysis 
Fractional flows 
 We calculated fractional flows (F) in order to describe the relative importance of each 
heterotrophic compartment (Niquil et al. 1998). We calculated an F-value for the bacteria 
(Fbac = ratio of bacterial production to NPP) and zooplankton compartments where Fmic, 
Fmes, Farw, and Fgel are equal to the fraction of compartmental throughput (the total 
amount of C flowing through the microzooplankton, mesozooplankton, arrow worms and 
gelatinous zooplankton, respectively), relative to the total flow of C through all 4 grazing 
compartments. 
 
Ecological Network Analysis 
 While it is the job of the inverse analysis to build a complete food web from a limited 
number of known flows, a different approach is required to then analyze the structure and 
function of the food web obtained. Here, we used ecological network analysis (ENA) to 
provide insight (and to allow comparisons) of our constructed models. The essential 
function of ENA is to convert flow data into terms that describe how an ecosystem 
functions (Ulanowicz 1997). Our chosen program, EcoNetwrk (no version number), 
produces output metrics that describe trophic structure, elemental cycling, input-output 
dynamics, and gives several ecosystem indices. 
 We used two of these: trophic structure and input/output analysis to compare food 
webs from different stations and seasons. The first, effective trophic level (ETL) 
condenses the complex food web into a linear chain so the diet of each grazing 
compartment is proportioned along integer trophic levels (e.g. bacteria feed 100% at 
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trophic level (TL) II while microzooplankton feed 80% at TL-II and 20% at TL-III). By 
weighting the average consumption at each TL, ENA assigns an “effective TL” to each 
zooplankton compartment (Field et al. 1989). Trophic structure analyses also provided 
information on the relative importance of herbivorous feeding (direct feeding on 
phytoplankton) versus detritivory to indicate the level of recycling within the ecosystem.  
 To quantify the important connections between individual compartments we 
employed input/output analysis that quantify the origin and fate of C entering/leaving a 
compartment. Input/output vectors were used to quantify the specific pathways by which 
fixed C was exported from the system by flows to the external compartment. The total 
“size” or activity of the food web was given as the total system throughput (TST), which 
is equivalent to the sum of all flows in the system (Hannon 1973). 
 
4.4 RESULTS 
Model sensitivity and error analyses 
For our sensitivity analyses, proportional changes that were > 1 and < -1 were considered 
“sensitive flows”. Responses to increases in input rates were different from responses to 
decreases and sensitivities differed from one station to another. We represent results of 
sensitivity analyses from the BATS station in summer 2011 (Figure 4.2a-b) and spring 
2012 (Figure 4.2c-d). In summer, the model was sensitive to changes in NPP, 
mesozooplankton grazing rates, and bacterial production (Fig. 4.2a-b). At Sum11-StnB 
flows from the small phytoplankton to the microzooplankton compartment (flow #3) and 
from the microzooplankton to detritus (flow #16) both increased with an increase in small 
phytoplankton NPP (Fig. 4.2a). Flows from the mesozooplankton to the detrital (flow 
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#20) and external (flow #22) compartments increased with an increase in 
mesozooplankton grazing. A reduction in large phytoplankton NPP resulted in a slight 
increase in contributions by the mesozooplankton to the external compartment (flow #22) 
and flows from detritus to the mesozooplankton (flow #38) (Fig. 4.2b). Flows from 
bacteria to the DOC pool (flow #36) increased with an increase in bacterial production 
(Fig. 4.2a) as well as a reduction in POC export (Fig. 4.2b). 
 In spring, the model was most sensitive to changes in NPP and microzooplankton 
grazing rates (Fig. 4.2c-d). Increasing small and large phytoplankton NPP resulted in 
slight increases in flows from the large phytoplankton to mesozooplankton and detrital 
compartments (flows #10 and #12, respectively) (Fig. 4.2c). A reduction in 
microzooplankton grazing rates resulted in dramatic increases in the flow of C from the 
small and large phytoplankton to detrital pool (flows #5 and #12, respectively), flows 
from the large phytoplankton to mesozooplankton (flow #10), and the flow of C from the 
detrital pool to the microzooplankton (flow #37) (Fig. 4.2d). 
 Standard deviations of model flows were highly variable (Table 4.4) so that the 
coefficients of variation (CV) ranged from 0.00 to 0.89 (Table 4.5). Flows from detritus 
to the external compartment had a CV of 0.0, as the input of sediment trap POC export 
defined a single flow. At all times, many of the most variable flows (CV > 0.60) were 
those of the smallest magnitude, ≤ 10 mg C m-2 d-1. These included flows to the external 
compartment from the mesozooplankton, arrow worm, and gelatinous zooplankton (flow 
#’s 22, 26, and 31). In contrast, the CV associated with flows of the largest magnitude, 
including small and large phytoplankton GPP (flows #1 and #7, respectively) were ≤ 0.19 
at all times. In the three cases where microzooplankton grazing rates were not used as an 
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input (Spr11-StnB, Sum11-StnB and Sum12-StnC), the error associated with the grazing 
of small phytoplankton by microzooplankton (flow #3) was greater than when this rate 
was known (CV’s of 0.25 to 0.64 vs. between 0.01 and 0.22; Table 4.5). 
 
Inverse results from individual cruises 
Early spring 2011(February - March)  
Small phytoplankton dominated total GPP (by > 50%) at all stations, though large 
phytoplankton contributed nearly equally at the center of eddy AC1 (Table 4.4). The GPP 
of small phytoplankton more than doubled at stations outside of the eddy center, from 
89.9 ± 11.3 mg C m
-2
 d
-1 
to 299.6 ± 46.7 mg C m
-2
 d
-1 
at the edge and 182.1 ± 25.4 mg C 
m
-2
 d
-1 
at the BATS station. At all stations, DOC excretion was ~20% of small and large 
phytoplankton GPP; this was consistent for all models and will not be repeated in the 
following sections (Fig. 4.3). At the center of AC1 > 50% of small and large 
phytoplankton GPP was grazed directly by the microzooplankton; however, at the edge 
and BATS stations < 25% of GPP was consumed by this group. This was due to the large 
increases in GPP that outpaced microzooplankton grazing which was 82.0, 72.9 and 
104.3 mg C m
-2
 d
-1
 at the center, edge and BATS stations, respectively (Table 4.3). As 
the relative impact of microzooplankton decreased, 40 to 52% of small phytoplankton 
GPP flowed to detritus (Fig. 4.3a). Mesozooplankton and gelatinous grazers directly 
consumed 15 to 20% of large phytoplankton GPP at stations outside the eddy center (Fig. 
4.3b). The dietary composition of the microzooplankton varied throughout the cruise 
(Fig. 4.4). At the eddy center, phytoplankton comprised 98% of microzooplankton diets 
while detritus made up more than half of their diet at the edge and BATS stations (Fig. 
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4.4a). At the BATS station bacteria constituted 8% of the microzooplankton diet, the 
highest proportion calculated for any cruise. Microzooplankton comprised the majority (> 
65%) of mesozooplankton diet at all stations; large phytoplankton contributions increased 
slightly at the eddy edge (14%) and BATS stations (15%) as compared to the eddy center 
(5%) (Fig. 4.4b). Arrow worms relied primarily on mesozooplankton prey at both eddy 
stations, while gelatinous zooplankton comprised 55% of their diet at BATS (Fig. 4.4c). 
This shift was driven by salp increases that reached 39.5 individuals m
-3
, more than 
double the abundances measured at the eddy stations. The two phytoplankton size classes 
contributed nearly equally to gelatinous zooplankton diets and bacteria comprised < 20% 
(Fig. 4.4d). 
Fractional flows were calculated to characterize the relative importance of the living 
compartments. These showed microzooplankton processed the majority of C flowing 
through our food webs; Fmic was 62 to 71% of total C grazed (Table 4.6). The values of 
Fmes (14 to 16%) indicated that flows to the mesozooplankton were comparable to their 
fraction of total zooplankton biomass (8 to 18%; data not shown). The decrease in arrow 
worm grazing rates over the cruise was reflected in the Farw, that declined from a high of 
15% at the eddy center to 4% at BATS. As the relative importance of arrow worms 
decreased, gelatinous zooplankton grazing rates more than doubled at BATS so that this 
group processed 17% of total C as compared to the Fgel < 7% calculated for the eddy 
stations. The C flow through bacteria more than tripled at BATS, resulting in an Fbac of 
66%, equivalent to that of the microzooplankton. This was driven by the increase (from 
3.08 to 10.6 mg C m
-2
 d
-1
; Table 4.3) in BP inputs. Therefore, calculated gross production 
rates (GBP = carbon demand) were lowest at the eddy center (35.7 ± 14.7 mg C m
-2
 d
-1
) 
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and increased at the edge (60.1 ± 18.2 mg C m
-2
 d
-1
) and BATS stations (105.9 ± 40.3 mg 
C m
-2
 d
-1
). This resulted in bacterial growth efficiencies (BGE) of ~10% (= BP/GBP).  
 Carbon was lost from the system by respiration or through flows to the external 
compartment. At all stations, respiration by members of the microbial food web: the 
small phytoplankton, bacteria and microzooplankton dominated community rates (Fig. 
4.5). Phytoplankton respiration rates constituted 15 - 20% of GPP at each station (Fig. 
4.3). Microzooplankton respiration increased along our cruise transect, from 19.5 mg C 
m
-2
 d
-1 
at the eddy center to 34.4 mg C m
-2
 d
-1 
at BATS. Due to their increased activity at 
BATS, gelatinous zooplankton respiration more than tripled at this station (to 5.3 mg C 
m
-2
 d
-1
; Fig. 4.5b). The pathways of export from the food web included: POC export as 
detritus, advection of DOC, and consumption of large zooplankton by higher trophic 
levels. Sediment trap POC export rates set the value for detrital export (det to ext), which 
was highest at the eddy center (55.6 mg C m
-2
 d
-1
) compared to the edge (31.3 mg C m
-2
 
d
-1
) and BATS (45.5 mg C m
-2
 d
-1
) (Fig. 4.6a). DOC export more than tripled at the edge 
of AC1 (to 148 mg C m
-2
 d
-1
) as compared to the other stations. Overall, export from each 
zooplankton compartment was < 3 mg C m
-2
 d
-1
, with the exception of the gelatinous 
zooplankton (Fig. 4.6b). At the BATS station, export by gelatinous zooplankton 
constituted flows of 6.1 ± 3.4 mg C m
-2
 d
-1
, the highest of any cruise. 
 
Summer 2011(July - August) 
 The small phytoplankton dominated GPP at all stations in summer 2011; rates were 
highest at the center of C1 (206.8 ± 30.7 mg C m
-2
 d
-1
) as compared to the edge (116.4 ± 
16.0 mg C m
-2
 d
-1
) and BATS stations (114.2 ± 15.4 mg C m
-2
 d
-1
) (Table 4.4). Large 
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phytoplankton GPP was greatest at the edge (66.3 ± 10.4 mg C m
-2
 d
-1
), constituting 37% 
of total C fixed. Microzooplankton grazing followed small phytoplankton GPP; 
decreasing steadily from the eddy station to BATS. At the edge of C1 the primary fate of 
GPP was direct grazing by microzooplankton that constituted 53 and 40% of small and 
large phytoplankton GPP, respectively (Fig. 4.3). At the other stations, 25 - 37% of small 
phytoplankton GPP flowed directly to detritus (Fig. 4.3b) while the fate of large 
phytoplankton C was fairly evenly distributed among the individual pathways (Fig. 4.3b). 
At the edge station, microzooplankton diets were dominated by phytoplankton prey 
(75%), while at the other stations detritus contributed nearly half of the total C consumed 
by this group (Fig. 4.4a). As compared to the microzooplankton, the diets of the 
mesozooplankton, arrow worms and gelatinous zooplankton stayed relatively constant 
throughout the cruise (Fig. 4.4c-d). 
Microzooplankton processed substantially more C at the center of C1 (Fmic = 69%), as 
compared to the edge (59%) and BATS (57%) stations (Table 4.6). Flows through the 
mesozooplankton were 21 – 25% at all stations; corresponding roughly to their fraction 
of total zooplankton biomass. Arrow worms were relatively more important at the edge 
and BATS stations (Farw = 11%) as compared to the eddy center (Farw = 4%), 
corresponding to a doubling in grazing rates at these stations. Gelatinous zooplankton 
processed < 10% of C flowing through the system at all times. The decrease in total GPP 
from the eddy center to BATS (248.5 vs. 145.4 mg C m
-2
 d
-1
, respectively) coupled with 
increased bacterial production (8.7 vs. 15.7 mg C m
-2
 d
-1
; Table 4.3) meant that bacteria 
processed 17% more fixed C at BATS (Fbac = 88%; Table 4.6). This corresponded to a 
BGE of 20%, the highest calculated for any cruise. 
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 Overall, community respiration rates decreased over the summer 2011 cruise (Fig. 
4.5), following the reduction in small phytoplankton GPP and microzooplankton grazing 
rates. At all stations, respiration accounted for ~20% of small and large phytoplankton 
GPP (Fig. 4.3). POC export, as set by sediment trap data, were 25 mg C m
-2
 d
-1 
at the 
eddy center, 31 at the edge, and 31 mg C m
-2
 d
-1
 at BATS (Fig. 4.6a). Losses via the DOC 
compartment decreased from the center (39.2 ± 28.0 mg C m
-2
 d
-1
) to the edge (31.4 ± 
16.4 mg C m
-2
 d
-1
) and BATS station (20.2 ± 13.0 mg C m
-2
 d
-1
); as the DOC pool was 
depleted due to increased bacterial production. Mesozooplankton contributed the most to 
export at the center of eddy C1 (4.9 ± 3.7 mg C m
-2
 d
-1
; Fig. 4.6b), where grazing rates by 
arrow worm predators were the lowest. At the edge station, flows from the arrow worms 
to the external compartment were 4.2 ± 2.8 mg C m
-2
 d
-1
, which constituted the highest 
rates calculated for this export pathway for any station.  
 
Spring 2012 (March) 
 In spring 2012 we sampled at only two stations: the center of cyclone C2 and the 
BATS station. The magnitude of C production varied little between the two though small 
phytoplankton were responsible for nearly 100% of GPP at the eddy center (208.2 ± 25.6 
mg C m
-2
 d
-1
; Table 4.4); while at BATS large phytoplankton GPP was 42.5 ± 6.2 mg C 
m
-2
 d
-1
, constituting 19% of total. The primary fate of small phytoplankton GPP was to 
the microzooplankton (57 and 65%); while flows to detritus were just 0.3 to 4 mg C m
-2
 
d
-1 
and comprised < 2 % of GPP, the least of any cruise (Fig. 4.3a). This reduction in the 
flow of C to detritus was due to the grazing activities of microzooplankton (118.1 and 
113.7 mg C m
-2
 d
-1
; center and BATS, respectively)
 
and the gelatinous zooplankton (9.7 
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and 1.5 mg C m
-2
 d
-1
) that, combined, constituted 60% of small phytoplankton GPP. 
Large phytoplankton contributed 3.1 mg C m
-2
 d
-1
 to the detrital pool at BATS, ~10% of 
GPP (Fig. 4.3b). Phytoplankton prey dominated the microzooplankton diet (by > 80%) at 
both stations and was nearly equally split between the small and large size classes (Fig. 
4.4a). Mesozooplankton grazing was higher in the eddy (by 10.0 mg m
-2
 d
-1
)
 
compared to 
BATS; where detritus constituted more of the mesozooplankton diet (34%) due to the 
paucity of large phytoplankton prey (Fig. 4.4b). Arrow worm grazing rates varied little 
between the two stations, and the majority (> 78%) of their diet was comprised of 
mesozooplankton (Fig. 4.4c). Gelatinous zooplankton grazing rates were three-fold 
higher at the eddy center (14.7 mg m
-2
 d
-1
) where small phytoplankton constituted 68% of 
jelly diets, the most of any cruise (Fig. 4.4d). 
 Though the amount of C flowing through the individual heterotrophic compartments 
differed substantially between the two stations, the relative importance of each group was 
fairly constant (Table 4.6). Microzooplankton processed the majority of all C flowing 
through our system (65 - 68%) and bacterial production accounted for over half of GPP. 
Mesozooplankton processed roughly a quarter of total C while the other large 
zooplankton compartments consumed < 15%, combined. 
 Respiration accounted for 20% of GPP (Fig. 4.3); small phytoplankton rates were 
39.6 ± 15.7 and 32.5 ± 15.3 mg C m
-2
 d
-1 
at the center and BATS stations, respectively 
(Fig. 5a). Due to a slight reduction in grazing rates at BATS, microzooplankton 
respiration decreased somewhat from the center of eddy C2 (37.1 ± 5.1 mg C m
-2
 d
-1
) to 
the BATS station (33.4 ± 2.2 mg C m
-2
 d
-1
) (Fig. 4.5b). Concurrently, bacterial respiration 
increased from 42.3 ± 18.1 to 58.3 ± 26.0 mg C m
-2
 d
-1
 (Fig. 4.5a); BGE was 7% at both 
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stations. At both stations, DOC advection constituted losses of ~42 mg C m
-2
 d
-1
, more 
than double export from the detrital compartment (Fig. 4.6a). In eddy C2, 
mesozooplankton and gelatinous zooplankton export was double (6.9 ± 4.9 and 2.3 ± 1.8 
mg C m
-2
 d
-1
, respectively; Fig. 4.6b) conditions at BATS (3.5 ± 2.7 and 0.7 ± 0.6 mg C 
m
-2
 d
-1
, respectively). 
 
Summer 2012 (July) 
We measured the highest C production rates for all cruises in summer 2012. 
Calculations of small phytoplankton GPP decreased over the cruise: from 326.4 ± 61.7 
mg C m
-2
 d
-1
 at the center of eddy AC2, to 290.0 ± 44.8 mg C m
-2
 d
-1
 at the edge, and 
142.7 ± 19.1 mg C m
-2
 d
-1 
at BATS
 
(Table 4.4). Large phytoplankton comprised an 
increasing amount of total GPP over the cruise transect from 16% at the center, to 20% at 
the edge, and 49% at BATS. Concurrently, an increasing portion of large phytoplankton 
GPP was grazed by microzooplankton (Fig. 4.3b). This trend was also reflected in the 
diet composition of the microzooplankton; large phytoplankton comprised an increasing 
fraction of C consumed from 5% at the center, to 10% at the edge and 40% at the BATS 
station (Fig. 4.4a). Mesozooplankton grazing rates were also the highest on this cruise; 
exceeding 76 mg C m
-2
 d
-1
 at all stations (Table 4.3). The diet composition of the 
mesozooplankton did not reflect the increased importance of large phytoplankton as they 
constituted < 13% of the diet at all stations; microzooplankton were 47 – 69% of the diet 
while detritus accounted for the remaining 22 – 43% of C consumed by this size class 
(Fig. 4.4b). Arrow worm and gelatinous zooplankton diets were relatively uniform in 
summer 2012 (Fig. 4.4c-d). 
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The relative importance of microzooplankton decreased from the eddy stations (Fmic = 
66 - 69%) to the BATS station (Fmic = 52%). Mesozooplankton processed substantially 
more of the C flowing through the system at BATS (Fmes = 40%); and comprised 52% of 
total zooplankton biomass at this station, the most of any cruise (data not shown). 
Bacteria processed just 25 to 42% of fixed C; reflecting BP rates between 4.8 and 6.5 mg 
C m
-2
 d
-1
 just half those measured in summer 2011. 
 Community respiration rates were higher on this cruise than any other (169 to 207 mg 
C m
-2
 d
-1
; Fig. 4.5), due to the high GPP and increased grazing activities of the 
mesozooplankton. Bacterial respiration rates were 30 to 60 mg C m
-2
 d
-1
 so that BGE was 
6 to 11% and highest at the eddy center. Elevated mesozooplankton grazing accounted 
for the highest respiration rates (30 mg C m
-2
 d
-1
)
 
calculated for this size class on any 
cruise (Fig. 4.5b). At BATS, these rates were nearly comparable to those of the 
microzooplankton (40.2 mg C m
-2
 d
-1
). POC export was set to be 19.7, 7.9, and 5.3 mg C 
m
-2
 d
-1 
at the center, edge and BATS station, respectively (Fig. 4.6a). Low POC export 
relative to high rates of GPP resulted in DOC losses that exceeded 90 mg C m
-2
 d
-1 
at all 
stations. The only other time where we calculated comparable DOC export was at the 
edge of AC1 (spring 2011). Export rates via the mesozooplankton compartment were also 
the highest of any cruise, averaging 10 mg C m
-2
 d
-1 
at each station (Fig. 4.6b). 
 
Network analysis of inverse results 
Trophic structure 
Overall, the ETL calculated for each zooplankton group varied little among the 11 
individual models. Therefore, we show these data in a single plot (Fig. 4.7). For the most 
  113
part, ETL increased with increasing organism size; the mean trophic positions were 2.02 
for microzooplankton, 2.65 for mesozooplankton and 3.54 for arrow worms. The 
exception was the gelatinous zooplankton that consumed primarily phytoplankton prey, 
resulting in an ETL of 2.23 which was lower than the comparatively smaller 
mesozooplankton. The highest transfer efficiency occurred at TL 1 that combines 
phytoplankton with detritus, meaning 60.1 ± 12.6% of this combined C pool was 
transferred to the second trophic level (data not shown). Herbivory (direct grazing on 
phytoplankton) on average, constituted 26.6 ± 8.7% of total system activity, though this 
ranged from a low of 7% at the edge of C1 (summer 2011) to a maximum of 35% at the 
edge of AC2 (summer 2012). Overall, detritivory exceeded herbivory (33.3 ± 13.4%), 
with the highest rates (50%) calculated at the center of C1 (summer 2011) and the lowest 
(14%) at the center of AC1 (spring 2011). 
 
Input-Output analysis 
The total system throughput (TST), calculated by the sum of all flows, varied 3-fold 
over our 11 stations (Fig. 4.8a). This index is a quantitative descriptor of the size, or 
activity, of the food web. We found no distinct patterns with respect to eddy type or 
season. The smallest food web (584.0 mg C m
-2
 d
-1
) was calculated at the center of AC1 
(spring 2011) and the largest (1602.3 mg C m
-2
 d
-1
) at the center of AC2 (summer 2012).  
We apportioned export flows to their sources in order to trace the fate of C fixed by 
the small and large phytoplankton (Fig. 4.8b-c). In nearly all cases, small phytoplankton 
were responsible for the majority of C exported via all pathways. The exceptions were at 
the center of AC1 (spring 2011) and the BATS station in summer 2012. In each case, 
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small and large phytoplankton contributed nearly equally to total GPP and thus nearly 
equally to C export. Despite small phytoplankton not being directly consumed by 
mesozooplankton they constituted 47 to 100% (averaged 76 ± 16%) of total C exported 
by this compartment via indirect pathways. The same was true for losses via the arrow 
worms. Overall, the relative contributions of small phytoplankton to export (all 
pathways) were directly proportional to their contributions to total primary production 
(Pearson correlation: r = 0.930, p = 0.000, n = 11). 
   
4.5 DISCUSSION 
Model Analysis 
An important strength of the Trophic-BATS study was that models were constructed with 
data collected at the same depths and locations which reduced variability and provided us 
with more robust model outputs. We also used size-fractionated NPP measurements, 
rather than using estimates of size-fractionated phytoplankton chl-a biomass to derive 
size-dependent NPP rates. In Chapter 3, we evaluated whether size-fractionated chl-a 
scaled with size-fractionated NPP and found within our own dataset that large 
phytoplankton PP could be underestimated by an average of 10 ± 9%. Expanding our 
analysis to include other published datasets we found the mismatch was ~8% in 
oligotrophic regions where total chl-a concentrations are ≤ 0.25 mg m-3. Here, our 
sensitivity analyses revealed that flows were sensitive to +/- SD changes to NPP inputs. 
As Niquil et al. (2011) state in their chapter on inverse modeling, good estimates of NPP 
are essential for producing reliable model results. 
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Unfortunately, we were unable to directly measure the grazing rates of the larger 
zooplankton size classes so these rates were calculated using zooplankton POC biomass. 
Our failures were largely due to mortality of the fragile organisms following capture. 
Accurate measurements of grazing rates were especially important for our summer 
models, as sensitivity analyses revealed most model flows were sensitive to +/- SD 
changes in the mesozooplankton input. Mesozooplankton, namely copepods, were the 
most abundant of the large zooplankton and we made direct measurements of their POC 
biomass. Roman and colleagues (2000) evaluated several models that ultimately derive 
mesozooplankton grazing rates from POC biomass and compared these with results of 
grazing experiments performed in the Arabian Sea. They found that the Hirst and Sheader 
(1997) multivariate regression produced rates that most closely matched direct grazing 
experiments. An improved multivariate regression analysis (using 952 published growth 
rates) was conducted by Hirst and Lampitt (1998) and this model was applied to 
mesozooplankton data collected at BATS during ZOOSWAT (Roman et al. 2002). 
Average grazing ratios (total C ingested/NPP) for mesozooplankton at BATS have been 
shown to be 0.09 (Roman et al. 2002); our average grazing ratio was 0.28. One reason for 
this difference may have been our use of 24 h incubation periods for our measurements of 
NPP while BATS employs 12 h dawn-to-dusk incubations. Marra and Barber (2004) 
found nighttime carbon losses could be 20 - 25% of the 12 h uptake. If we apply a 25% 
correction to our data, this slightly reduces our grazing ratio to 0.22; still greater than that 
reported by Roman et al. (2002). Steinberg and colleagues (2012) documented a 61% 
increase in mesozooplankton biomass at BATS between 1994 and 2010. Roman et al. 
(2002) presented data collected between 1994 and 1997 when average mesozooplankton 
  116
grazing rates were 38 mg C m
-2
 d
-1
. While these compare well with our 2011 data, in 
2012 we calculated mesozooplankton grazing rates between 42 and 83 mg C m
-2
 d
-1
 due 
to a significant increase in mesozooplankton POC biomass. A global analysis of 
mesozooplankton grazing found this size class grazes between 34 and 63% of global PP 
(Hernandez-Leon and Ikeda 2005). Studies conducted in oligotrophic regions estimate 
that mesozooplankton ingest 23 - 50% of NPP (Dam et al. 1995; Hernandez-Leon et al. 
1999, 2001b), comparable with our findings.  
Arrow worms are abundant carnivores in surface waters at BATS throughout the 
diurnal cycle (Eden et al. 2009). However, we did not find studies that directly measured 
the grazing rates of these organisms in the Sargasso Sea. We ultimately used daily prey 
rations to calculate grazing rates as these have been measured in many previous studies 
using gut transit time (Szyper 1978; Feigenbaum 1979; Nagasawa 1985; Falkenhaug 
1991) and our selection of 2 prey d
-1
 is considered a conservative estimate (Dilling and 
Alldredge 1993). We were confident using copepod C biomass as our arrow worm prey 
as global studies have found copepods comprise 37 - 99% of arrow worm diets 
(Falkenhaug 1991; Kehayias and Ntakou 2008). 
Gelatinous zooplankton have low organic carbon content relative to their dry weight 
(Schneider 1992) and individuals can clear liters of water per day (Madin and Deibel 
1998). Therefore, we used volumetric clearance rates to estimate the grazing impact of 
the salps and larvaceans enumerated in our study. This resulted in gelatinous zooplankton 
grazing 3 – 16% of total NPP in our study. The upper value was in March 2011 at the 
BATS station when gelatinous zooplankton (salps and larvaceans) abundances reached 
~30 ind. m
-3
. Salp blooms that reach concentrations as high as 371 ind. m
-3
 are most 
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common in the spring in the Sargasso Sea (Stone and Steinberg 2014); outside of bloom 
conditions salps graze < 17 % of integrated NPP per year (Stone and Steinberg 2016). 
We also compared how well the model predicted respiration and DOC excretion by 
the living compartments. The error (reported as CV) associated with respiration rates of 
the different groups was 0.18 to 0.48, lower for the zooplankton as compared to the 
phytoplankton and bacteria. The error associated with excretion was 0.26 to 0.72, and 
was greatest for the heterotrophic bacteria. 
Calculated respiration rates were the highest for the small phytoplankton, bacteria and 
microzooplankton. Due to the difficulty of separating out groups of organisms, 
respiration is often reported as community rates in the literature. In our study these 
ranged widely, from 78 mg C m
-2
 d
-1
 in spring 2011 to 207 mg C m
-2
 d
-1
 in summer 2012 
with a mean of 146 mg C m
-2
 d
-1
. Net community respiration rates have shown to be 
highly variable in the Sargasso Sea, especially associated with mesoscale eddies 
(Mouriño-Carballido and McGillicuddy 2006). Using a photosynthetic quotient of 1.4 
(Laws, 1991) we converted the O2 respiration rates reported in Mouriño-Carballido and 
McGillicuddy (2006) to carbon. In their study, the highest community respiration rates 
were measured in a mode-water eddy (960 mg C m
-2
 d
-1
) and the lowest at the BATS 
station (154 mg C m
-2
 d
-1
), though there was a great deal of variability. Measurements at 
BATS compare well with our modeled results. Additionally, BGE calculated by the 
division of BP (measured) by GBP (modeled); were found to be between 6 and 20% over 
our cruises. These match rates of BGE measured by Carlson and Ducklow (1996) in the 
Sargasso Sea that ranged between 7 and 19%. 
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The excretion of DOC by both size classes of phytoplankton was relatively constant 
over all model simulations (~18% of total GPP). This was higher than what has been 
measured previously in cultures (3 - 7%; Strom et al. 1997) and the percentage was the 
middle bound of our constraint on phytoplankton excretion rates (2 to 55% of GPP; Table 
D.6). While these excretion rates demonstrate a high degree of uncertainty, they do not 
impact the remainder of the food web as NPP, rather than GPP, controls the carbon flows 
in our system. Dissolved organic carbon can be released by sloppy feeding and by the 
breakdown of fecal pellets. We found DOC production by microzooplankton to be 11.4 
to 42.5 mg C m
-2
 d
-1 
or ~17% of total carbon consumed. These rates are comparable to 
those measured by Strom et al. (1997) in laboratory experiments that found during 
ingestion events 16 to 37% of phytoplankton carbon consumed was released as DOC by 
protists. In the Sargasso Sea, Steinberg et al. (2000) estimated that mesozooplankton 
respire ~10% of their body carbon each day while excretion accounts for losses of ~4% 
of body carbon. In our study, calculated mesozooplankton respiration rates averaged 11 ± 
2% of body C d
-1
 while excretion was an average of 6 ± 2%; comparable to the Steinberg 
et al. (2000) study. Steinberg et al. (2000) also reported that dissolution of fecal pellets 
resulted in a negligible release of DOC as compared to excretion measurements. 
Another consideration when evaluating how comparable our results were to real 
world measurements was our use of the MCMC method to derive a final solution. The 
final solution selection criteria used originally by Vézina and Platt (1988) was a least 
squares analysis based on the principle of parsimony. This criterion favors flows that take 
carbon on the most direct path through the food web while satisfying the conservation of 
mass and biological constraints. Vézina and Platt (1988) argued that while there was no 
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ecological basis for this simplistic scenario to be favored in natural systems, the criteria 
could be readily applied until more scientifically reasoned options were found. The 
Monte Carlo approach allows the entire solution space to be sampled before arriving at a 
final answer (Kones et al. 2006). The MCMC method samples from a pre-determined 
point within the solution set with each successive point lying a fixed distance away from 
the point of origin (described by Niquil et al. 2011). The use of the mean PDF to 
construct a final solution is currently recommended as the “best practice” for inverse 
analysis when the goal is to arrive at a single solution for a given site (Niquil et al. 2011). 
A comparison of the least squares analysis and MCMC using data acquired from the 
California Current Ecosystem concluded that MCMC gave more accurate results when 
NPP rates are known (Stukel et al. 2012). 
 
Mesoscale and sub-mesoscale variability in planktonic food webs 
 In a previous study, we cataloged the variability in phytoplankton community 
composition with respect to mesoscale and sub-mesoscale variations in water column 
structure (Cotti-Rausch et al. 2016). Other studies in the region have documented changes 
in bacterial (Ewart et al. 2008) and zooplankton communities (Eden et al. 2009; De 
Martini 2016) within mesoscale eddies. Though we did not observe an extreme shift in 
the typical Sargasso Sea phytoplankton community structure to one dominated by large 
chain-forming diatoms (McGillicuddy et al. 2007), we did find the food web topology 
often differed along our cruise transects. 
 In February of 2011, at the center of anticyclone AC1 the phytoplankton community 
was largely comprised of cyanobacteria, including anomalously high abundances of 
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Prochlorococcus (Cotti-Rausch et al. 2016). Downwelling of warm, low nutrient waters 
could have promoted these conditions, and the prominence of large phytoplankton (44% 
of NPP) may indicate a post-bloom scenario: large phytoplankton remain but 
picophytoplankton are more prominent as the release of ammonium by microzooplankton 
fuels cyanobacterial growth (Legendre and Rassoulzadegan 1995). At the edge and 
BATS stations the microzooplankton diet reflected the decrease in large phytoplankton 
prey as detritus became a more significant part of their diet. Overall detritivory became 
more dominant at these stations, comprising 32 and 46% of total system activity as 
compared to just 14% at the eddy center. This was also accompanied by a reduction in 
POC export at the two stations. 
 We sampled within two cyclones on our cruises, one in July 2011 and the second in 
March 2012. In 2011, the cyclone was relatively young with increased nutrient 
inventories and a eukaryote-dominated phytoplankton community (Cotti-Rausch et al. 
2016). Our network analyses revealed that herbivory was the more prominent activity at 
the center and edge stations (24 and 31%) as compared to the BATS station (19%) where 
cyanobacteria dominated. In 2012, the food web structure within eddy C2 and that at the 
BATS station did not differ substantially from one another. The diets of the individual 
zooplankton were relatively constant, as was the TST (~ 900 mg C m
-2
 d
-1
) while 
herbivory was the most dominant trophic pathway at both stations (~ 33% of total system 
activity). Eddy C2 was ~6 months old during our sampling period in March 2012 and 
nutrient profiles indicated that any impact of isopycnals being uplifted was likely past 
(Cotti-Rausch et al. 2016). As previous studies have indicated, older eddies have a lesser 
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impact on the biology of the Sargasso Sea (Sweeney et al. 2003; Mouriño-Carballido and 
McGillicuddy 2006). 
 In July 2012, we measured the highest NPP of any cruise, and our models calculated 
respiration rates that exceeded 200 mg C m
-2
 d
-1
. This was a unique cruise as we 
encountered a cyclone at the BATS station that was interacting with our target eddy 
(anticyclone AC2), that was also exhibiting upwelling at its center (Cotti-Rausch et al. 
2016). In their study, Mouriño-Carballido and McGillicuddy (2006) found the highest 
community respiration rates recorded at BATS over a 9-year period were at the 
interaction zone between two eddies in summer 2004. Their study also highlighted the 
difficulty in attempting to measure “background” conditions in the Sargasso Sea, as the 
BATS station is often influenced by the passage of eddies. In section 4.4 we discuss these 
conditions in the context of the biological pump. 
 
Microbial pathways and carbon transfers to higher trophic levels 
In our study, picophytoplankton dominated total phytoplankton biomass and NPP, in 
nearly all cases (Chapter 3). Dominance by small phytoplankton in oligotrophic gyres is 
associated with the prominence of microbial trophic pathways (Pomeroy 1974; Azam et 
al. 1993; Legendre and Rivkin 2002), as was the case in our study. Microzooplankton 
were the most active zooplankton group, with 64 ± 6% of carbon passing through this 
compartment. Combined, the respiration rates of the groups associated with microbial 
pathways, namely the bacteria, picophytoplankton and microzooplankton were 58 to 157 
mg C m
-2
 d
-1
, or 66 - 92% of community rates. 
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Early conceptions of the microbial loop were defined by microzooplankton grazing 
on heterotrophic bacteria that were in turn fueled by microzooplankton-produced DOC 
(Pomeroy 1974; Azam et al. 1983). Legendre and Rassoulzadegan (1995) first visualized 
the “microbial food web” where picophytoplankton featured prominently. We found 
bacteria comprised a minimal portion (≤ 8%) of microzooplankton diets; these small 
grazers consumed 42 ± 20% of small phytoplankton and 30 ± 13% of large 
phytoplankton GPP. While many grazing relationships are dictated by predator-prey 
sizes, heterotrophic dinoflagellates (HDF) can consume prey much larger than 
themselves, allowing them to consume even the largest phytoplankton (Sherr and Sherr 
2007). On our cruises, HDF comprised the majority of microzooplankton community 
POC biomass (De Martini 2016). Grazing on phytoplankton, coupled with their reliance 
on detrital sources resulted in an effective trophic level of ~2 for the microzooplankton. 
Feeding at lower trophic levels results in an efficient transfer of energy from primary 
producers to primary consumers; network analyses showed the average transfer 
efficiency (% TL 1 transferred to TL 2) was ~60% in our food webs. Due to this tight 
coupling between predator and prey, microbial food webs are characterized by high 
levels of recycling and low export potential (Michaels and Silver 1988). 
 The main trophic pathway described by the herbivorous or “traditional” food web 
(Cushing 1989) is grazing of large phytoplankton by mesozooplankton. However, as 
described above, small phytoplankton dominated the community and microzooplankton 
consumed much of both the small and large algal prey. Therefore, microzooplankton 
comprised 47 to 89% of mesozooplankton diets while large phytoplankton constituted 
less than 16%, at all times. On average, NPP rates were 157 ± 52 mg C m
-2
 d
-1
. Typically, 
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large phytoplankton are prominent during bloom conditions associated with high NPP, 
exceeding 400 mg C m
-2
 d
-1
 (Lomas et al. 2009). Our sensitivity analyses showed that 
increasing large phytoplankton NPP does result in a concomitant increase in large 
phytoplankton carbon flowing to the mesozooplankton. Copepods, that dominated the 
mesozooplankton size class in our study, switch prey types to feed on the most abundant 
organism(s) (Landry 1981; Kiørboe et al. 1996). When phytoplankton POC is < 50 g l-1, 
grazing on ciliates has been shown to constitute 34% of copepod diets (Calbet and Saiz 
2005). We found total phytoplankton biomass was less than 20 g l-1. In the following 
section, we consider how these trophic interactions may impact carbon export in the 
Sargasso Sea. 
 
Impact of trophic interactions on the biological pump in the Sargasso Sea 
Biological controls on the flux of carbon from the surface ocean include the total 
amount of carbon fixed, the composition of the planktonic community and consequent 
trophic transformations (Boyd and Newton 1995). The efficiency of the biological pump, 
as indicated by e-ratios, was highly variable in our study (Table D.4). Our input-output 
analyses showed that small phytoplankton sourced > 50% of POC exported from the 
system. One export pathway for small phytoplankton carbon is via gelatinous 
zooplankton as they consume small phytoplankton directly and produce large, fast-
sinking fecal pellets and shed mucosal feeding houses (Noji 1991; Legendre and Le 
Fèvre 1995; Noji et al. 1997; Stone and Steinberg 2016). However, gelatinous 
zooplankton biomass was ≤ 21.1 mg C m-2 and grazing rates of this group were no more 
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than 25 mg C m
-2
 d
-1
 in our study. Therefore, gelatinous zooplankton transferred less than 
2% of total NPP to the detrital pool. 
 Mesozooplankton and arrow worms, however, were prevalent in our study and their 
grazing impact increased over our series of cruises. Between 4 and 22 mg C m
-2
 d
-1
 
flowed from these compartments to the detrital pool; these flows constituted 2 - 12% of 
total NPP. An additional 1 to 7% of total NPP was transferred to higher trophic levels 
that prey on large zooplankton. Visualizations of our data showed that over our cruise 
series mesozooplankton biomass (and by extension, grazing rates) increased concurrently 
with a dramatic decrease in POC export at 150 m. 
 To further evaluate the impact of mesozooplankton on POC export we compared two 
stations that differed dramatically in respect to both mesozooplankton and export: Spr11-
StnC and Sum12-StnB. The structure of the phytoplankton community was similar in 
both cases: small and large phytoplankton made nearly equally contributions to total 
NPP. At the center of AC1 in spring 2011, NPP was 94 mg C m
-2
 d
-1
 and export 55.6 mg 
C m
-2
 d
-1 
(e-ratio = 0.59) while at BATS in summer 2012, NPP was 178 mg C m
-2
 d
-1
 and 
export just 5.3 mg C m
-2
 d
-1 
(e-ratio = 0.03). Mesozooplankton grazing rates in Spr11-
StnC were just 12 mg C m
-2
 d
-1 
(the lowest of any cruise) and 80 mg C m
-2
 d
-1
 at Sum12-
StnB. Increased grazing activities in summer 2012 resulted in more carbon flowing to the 
mesozooplankton compartment from the large phytoplankton and microzooplankton, 
rather than directly to the detrital pool. Additionally, we found that TST, a measure of the 
total size or activity of the food web nearly doubled, meaning more carbon was modified 
by trophic interactions at Sum12-StnB. Combining all data we found mesozooplankton 
grazing rates (measured, not modeled) were positively correlated to TST (Figure 4.9a) 
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while a linear regression analyses found a strong negative relationship between TST and 
e-ratios (Figure 4.9b). Below we consider several scenarios that may explain these trends. 
 First, we recall that the majority of all carbon leaving the system originated with the 
small phytoplankton. The consumption of microzooplankton by mesozooplankton is an 
intermediate pathway by which small phytoplankton carbon is eventually exported via 
sinking fecal pellets. In the equatorial Pacific, particulate material collected at 100 m had 
undergone an average of 1.5 to 2 trophic transformations, consistent with this scenario 
(McCarthy et al. 2007). In other oligotrophic systems, mesozooplankton have been 
shown to mediate up to 94% of total POC exported by the passive transport of sinking 
fecal pellets (Stukel et al. 2013). However, at BATS the ratio of mesozooplankton fecal 
pellet production vs. total POC is just 0.39, as compared to 1.05 in the Pacific (Roman et 
al. 2002). More recent pigment-based measurements quantified in pump-collected 
particles suggest that the majority of export in the Sargasso Sea is accomplished via the 
sinking of detrital aggregates (Lomas and Moran 2011). In their study, picocyanobacteria 
accounted for up to a quarter of total carbon exported.  
 Mesozooplankton also feed on detritus that contains picophytoplankton (Wilson and 
Steinberg 2010). Our network analyses found detritivory is common in the Sargasso Sea, 
with detritus comprising ~26% of mesozooplankton diets. Once marine snow is colonized 
by bacteria and small zooplankton these particles are fragmented by the feeding activities 
of larger zooplankton (Goldthwait et al. 2005). Small particles initially sink slowly, and 
are therefore more likely to be remineralized within the euphotic zone (Stemmann and 
Boss 2012). Therefore, mesozooplankton can both reduce the total amount of suspended 
and sinking particles and, by fragmentation, may reduce particle sinking speeds. In spring 
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2011 detritivory constituted just 14% of total system activity, meaning a greater pool of 
detrital aggregates could have been available for export. In her thesis, De Martini (2016) 
showed that on our spring cruises Synechococcus biomass was not grazed fully by the 
microzooplankton. By escaping direct grazing pressures, this allowed Synechococcus to 
sediment out of the euphotic zone as evidenced by Synechococcus sequences that were 
enriched in trap samples relative to the water column (De Martini 2016). Synechococcus 
has been identified previously in trap material (Amacher et al. 2013; Stukel et al. 2013) 
and cell abundances of these cyanobacteria have been positively correlated with POC 
export at 150 m (Brew et al. 2009; Guidi et al. 2016). Additionally, a 64% increase in 
Synechococcus at BATS in the winter/spring occurred over a decadal period of increased 
shallow flux at the station (Lomas et al. 2010). In the lab, Synechococcus has been shown 
to produce Coomassie stainable particles (CSP), a variant of gel substances that aid in 
particle aggregation (Cisternas-Novoa et al. 2015). Vertical distributions of CSP show 
concentrations follow fluorescence and particle profiles in the Sargasso Sea (Cisternas-
Novoa et al. 2015). These data suggest a mechanism by which direct transport of small 
phytoplankton-derived detritus from the euphotic zone may be facilitated. 
 Finally, we considered that some sinking particles may be missed by our collection 
methods. Active transport of particles by vertically migrating mesozooplankton can 
account for the export of 0.02 – 0.06 Gt C y-1 or 2 - 5% of total POC flux in the North 
Atlantic (see review by Sanders et al. 2014) that is missed by shallow sediment traps. 
Though we do not show these data, the decrease in POC export observed at 150 m was 
consistent with trends at 300 m (the deepest traps deployed on our cruises). Therefore this 
mechanism likely did not account for the reduction in carbon export we found at 150 m 
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associated with increased mesozooplankton grazing activities. Additionally, the 
hydrodynamics of surface-tethered traps do not capture small particles effectively (like 
those resulting from the fragmentation of marine snow); due to turbulence occurring over 
the mouth of the collection tube (Buesseler et al. 2007). This under-collection may result 
in an underestimation of total export. The deployment of gel traps designed to preserve 
small particles demonstrated that small particles (11 – 64 m in diameter) dominated 
POC flux in the Sargasso Sea during stratified periods (Durkin et al. 2015). While this 
could result in the low export we observed associated with mesozooplankton activities, 
an evaluation is beyond the scope of this study. 
 
4.6 CONCLUSION 
Legendre and Rassoulzadegan (1996) posited that the “ultimate control of carbon export 
is exerted by hydrodynamic factors, through the proximal agency of food web 
characteristics”. Steinberg et al. (2012) found a positive correlation between water 
column stratification and mesozooplankton biomass at BATS. While this at first was 
counter-intuitive as stratification favors small cells rather than large phytoplankton, they 
posited that the 61% increase in mesozooplankton biomass could be fueled by the activity 
of microbial food webs. Our diet analysis supports this hypothesis as mesozooplankton 
relied on microzooplankton, not large phytoplankton, for most of their energy demands. 
This scenario would promote a positive feedback loop as mesozooplankton activities 
release direct grazing pressures on small phytoplankton. These conditions are likely to 
persist as ocean warming and the associated reduction in the supply of nutrients favors 
small phytoplankton. While the impact of climate change has been considered a threat to 
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fisheries via bottom-up controls (Richardson and Schoeman 2004), our input-output 
analyses showed small phytoplankton constituted the main source of carbon leaving the 
system, including via the losses of zooplankton to larger predators. These findings 
challenge the view that higher trophic levels are sustained by the productivity of large 
phytoplankton alone. Finally, due to the important yet enigmatic role detritus plays in 
food webs of the Sargasso Sea, we echo the sentiments of Stukel and colleagues (2012, 
2013): categorizing the type and lability of detrital material is vital to understanding how 
trophic interactions control POC export.
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Table 4.1 Dates and locations of sampling in the Sargasso Sea. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cruise 
no. 
Season & 
Year 
Eddy type 
(abbreviation) 
Sampling Dates Stns. 
Station 
abbreviation 
AE1102 Spring 
2011 
Anticyclone 24 Feb – 26 Feb Center Spr11-StnC 
  (AC1) 27 Feb – 28 Feb Edge Spr11-StnE 
   2 March – 4 March BATS Spr11-StnB 
AE1118 Summer 
2011 
Cyclone 23 July – 26 July Center Sum11-StnC 
  (C1) 27 July – 29 July Edge Sum11-StnE 
   30 July – 3 August BATS Sum11-StnB 
AE1206 Spring 
2012 
Cyclone 15 March – 17 March Center Spr12-StnC 
  (C2) 19 March – 22 March BATS Spr12-StnB 
AE1219 Summer 
2012 
Anticyclone 20 July – 22 July Center Sum12-StnC 
  (AC2) 23 July – 27 July Edge Sum12-StnE 
   27 July – 31 July BATS Sum12-StnB 
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Table 4.2 Abbreviations and definitions used in the text. 
 
 
 
 
 
 
 
 
 
 
Symbol Description 
GSm GPP of small phytoplankton (0.7 - 2 m) 
GLg GPP of large phytoplankton (2 - 200 m) 
res Respiration 
SmP Small phytoplankton 
LgP Large phytoplankton  
mic Microzooplankton 
mes Mesozooplankton 
arw Arrow Worms 
gel Gelatinous zooplankton 
bac Bacteria 
doc Dissolved organic carbon 
det Detritus 
ext External compartment 
  
1
3
1 
Table 4.3 Input rates (in mg C m
-2
 d
-1
) used for the known equations in the model. 
 
 
 
 
 
 
 
 
 
 
 
 
Variables 
Station SmP LgP Mic Mes Arw Gel BP Exp 
Spr11-StnC 52.2 41.7 80.0 12.1(7.9) 11.5(7.9) 5.6(0.0) 3.1 55.6(22.7) 
Spr11-StnE 174.3 13.7 18.0 14.2(5.0) 7.7(8.4) 5.6(2.4) 4.3 31.1(15.1) 
Spr11-StnB 122.8 37.6 288.0 20.9(6.7) 6.3(4.3) 25.1(10.5) 10.6 45.5(5.8) 
Sum11-StnC 124.2(16.7) 22.0(11.2) 71.3(15.0) 38.0(13.6) 7.3(2.9) 10.6(5.2) 8.8(8.5) 25.4(3.4) 
Sum11-StnE 72.8 41.0 88.7 36.1(8.2) 16.1(12.2) 10.3(3.0) 7.1 31.8(12.5) 
Sum11-StnB 71.6(32.0) 19.3(12.5) 106.0(90.0) 32.1(8.0) 13.8(3.8) 8.4(3.3) 15.7(1.1) 23.2(14.5) 
Spr12-StnC 128.1(109.1) 1.8(1.6) 118.6(75.8) 52.0(30.4) 11.5(4.5) 14.3(8.2) 4.8(0.9) 17.9(2.1) 
Spr12-StnB 118.7(12.0) 26.7(11.6) 132.0(120.0) 42.0(16.2) 13.0(6.5) 4.7(1.5) 5.6(1.5) 15.1(0.4) 
Sum12-StnC 197.9(12.9) 38.2(20.6) 291.0(47.1) 83.3(22.9) 11.0(3.3) 8.5(6.7) 6.5(0.3) 21.9(3.4) 
Sum12-StnE 205.0(63.3) 44.8(28.0) 214.0(17.0) 76.8(23.5) 12.5(3.2) 11.8(1.8) 4.8(0.0) 7.9(1.1) 
Sum12-StnB 90.1(75.8) 88.0(4.5) 146.0(21.0) 81.4(7.8) 8.1(4.9) 7.1(0.8) 4.9(0.2) 5.3(0.4) 
  
1
3
2 
Table 4.4 Values of carbon flows (in mg C m
-2
 d
-1
) within Sargasso Sea food webs. 
# Flows 
Spr11 
StnC 
Spr11 
StnE 
Spr11 
StnB 
Sum11 
StnC 
Sum11 
StnE 
Sum11 
StnB 
Spr12 
StnC 
Spr12 
StnB 
Sum12 
StnC 
Sum12 
StnE 
Sum12 
StnB 
1 CGSmTOSmP 89.9(11.3) 299.6(46.7) 182.1(25.4) 116.9(16.0) 116.9(16.0) 114.2(15.4) 208.2(25.6) 176.1(23.1) 326.4(61.6) 290.0(44.7) 142.7(19.1) 
2 CSmPTOres 19.0(7.6) 65.4(25.7) 29.4(15.8) 20.9(10.5) 20.9(10.5) 19.7(9.8) 39.6(15.7) 32.5(15.3) 61.2(32.6) 50.8(26.8) 26.3(11.9) 
3 CSmPTOmic 45.5(2.9) 13.2(2.9) 40.9(18.4) 62.4(5.0) 62.4(5.0) 25.7(16.4) 118.0(0.4) 113.5(2.6) 116.5(29.7) 190.8(6.8) 77.5(6.9) 
4 CSmPTOgel 2.3(1.4) 2.4(1.4) 12.2(6.2) 4.0(2.5) 4.0(2.5) 3.2(2.1) 9.7(0.4) 1.6(1.1) 3.6(2.1) 5.2(3.1) 2.9(1.8) 
5 CSmPTOdet 4.5(2.6) 158.7(3.0) 69.7(17.2) 6.4(4.3) 6.4(4.3) 42.7(16.3) 0.3(0.3) 3.6(2.5) 77.9(29.7) 9.0(5.9) 9.7(6.6) 
6 CSmPTOdoc 18.6(7.2) 59.9(27.6) 30.0(17.9) 23.2(10.6) 23.2(10.6) 22.9(10.8) 40.5(19.0) 24.9(14.0) 67.3(33.5) 34.2(23.8) 26.3(14.2) 
7 CGLgTOLgP 69.3(10.2) 21.8(3.2) 61.1(9.2) 66.3(10.4) 66.3(10.4) 31.3(4.5) 2.7(0.4) 42.5(6.2) 62.9(8.7) 72.0(10.5) 133.4(15.9) 
8 CLgPTOres 13.3(6.4) 4.2(2.0) 11.8(5.6) 13.0(6.2) 13.0(6.2) 6.0(2.8) 0.5(0.2) 8.2(3.8) 12.3(5.5) 14.0(6.5) 21.9(11.3) 
9 CLgPTOmic 34.5(2.9) 4.8(2.9) 10.8(7.5) 26.3(5.0) 26.3(5.0) 5.8(4.0) 0.6(0.4) 18.5(2.6) 13.0(8.4) 23.2(6.8) 68.5(6.9) 
10 CLgPTOmes 0.6(0.5) 2.0(1.6) 3.2(2.5) 4.4(3.6) 4.4(3.6) 5.2(3.8) 0.3(0.2) 3.0(2.3) 10.4(7.8) 7.3(5.3) 8.4(6.1) 
11 CLgPTOgel 2.2(1.3) 2.0(1.3) 9.6(6.2) 4.0(2.5) 4.0(2.5) 2.4(1.8) 0.6(0.4) 1.6(1.1) 3.2(2.1) 4.9(3.0) 2.8(1.8) 
12 CLgPTOdet 4.4(2.6) 4.9(3.0) 14.1(7.9) 5.9(4.1) 5.9(4.1) 5.9(4.1) 0.3(0.2) 3.5(2.5) 11.5(8.3) 9.3(6.0) 8.2(6.3) 
13 CLgPTOdoc 14.3(6.2) 4.0 (2.1) 11.6(5.9) 12.7(6.4) 12.7(6.4) 6.0(2.9) 0.5(0.3) 7.7(4.1) 12.5(5.7) 13.2(6.8) 23.6(12.1) 
14 CmicTOres 19.5(1.9) 29.2(10.5) 34.4(7.7) 31.6(5.9) 31.6(5.9) 25.4(6.6) 37.1(5.1) 33.4(2.2) 65.7(15.2) 46.3(1.1) 40.2(3.3) 
15 CmicTOmes 10.8(0.7) 9.6(2.1) 13.8(3.1) 22.1(6.2) 22.1(6.2) 16.6(6.2) 34.0(10.5) 28.8(6.5) 46.0(18.5) 52.8(11.7) 38.0(11.7) 
16 CmicTOdet 40.3(0.9) 19.6(9.4) 35.4(16.1) 42.7(14.8) 42.7(14.8) 23.2(12.6) 49.7(16.3) 59.8(9.8) 92.4(47.7) 89.4(12.6) 66.8(19.1) 
17 CmicTOdoc 11.4(1.9) 14.4(6.2) 20.7(7.6) 18.1(4.4) 18.1(4.4) 13.7(4.2) 22.2(5.6) 24.7(5.6) 42.5(16.2) 34.9(6.8) 27.9(6.4) 
18 CmesTOres 2.4(0.0) 3.5(0.6) 6.9(1.7) 9.2(1.6) 9.2(1.6) 8.3(1.4) 12.4(1.1) 12.1(2.6) 28.6(7.9) 26.9(7.1) 29.6(8.1) 
19 CmesTOarw 7.2(0.0) 6.0(0.8) 2.7(1.7) 13.8(1.5) 13.8(1.5) 12.0(1.2) 9.0(1.9) 12.2(0.6) 9.6(1.1) 10.4(1.6) 7.0(0.9) 
20 CmesTOdet 1.2(0.0) 2.1(0.6) 4.8(2.0) 5.8(1.7) 5.8(1.7) 5.1(1.5) 15.4(5.0) 7.5(2.6) 20.2(8.3) 16.4(6.9) 20.4(8.3) 
21 CmesTOdoc 1.2(0.0) 2.0(0.4) 3.8(1.2) 5.3(1.2) 5.3(1.2) 4.7(1.1) 8.3(2.1) 6.7(1.8) 14.7(4.7) 13.4(4.1) 14.9(5.0) 
22 CmesTOext 0.0(0.0) 0.7(0.6) 2.8(2.1) 1.9(1.6) 1.9(1.6) 1.9(1.5) 6.9(4.9) 3.5(2.7) 10.2(7.6) 9.7(7.2) 9.6(8.0) 
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23 CarwTOres 2.6(0.2) 2.2(0.3) 2.5(0.7) 3.8(0.3) 3.8(0.3) 4.6(1.0) 4.7(1.5) 5.5(1.7) 4.7(1.5) 5.3(1.7) 3.4(1.1) 
24 CarwTOdet 6.6(0.7) 2.0(1.2) 1.2(0.9) 5.5(2.8) 5.5(2.8) 3.3(2.1) 2.3(1.7) 2.4(1.8) 2.1(1.6) 2.3(1.7) 1.5(1.1) 
25 CarwTOdoc 1.6(0.4) 1.4(0.4) 1.3(0.5) 2.6(0.7) 2.6(0.7) 2.8(1.0) 2.3(0.9) 2.7(1.0) 2.3(0.9) 2.6(1.0) 1.7(0.6) 
26 CarwTOext 0.6(0.5) 2.1(1.2) 1.3(0.9) 4.2(2.8) 4.2(2.8) 3.0(2.0) 2.1(1.6) 2.5 (1.9) 2.0(1.5) 2.3(1.8) 1.6(1.2) 
27 CgelTOres 1.1(0.0) 1.8(0.6) 5.3(0.2) 3.5(1.1) 3.5(1.1) 2.9(0.9) 5.0(1.5) 1.7 (0.6) 3.1(1.0) 4.1(1.2) 2.6(0.9) 
28 CgelTOarw 4.2(0.0) 1.7(0.8) 3.6(1.7) 2.3(1.5) 2.3(1.5) 1.8(1.2) 2.5(1.9) 0.8 (0.6) 1.4(1.1) 2.1(1.6) 1.2(0.9) 
29 CgelTOdet 0.0(0.0) 0.6(0.6) 7.2(3.9) 1.5(1.2) 1.5(1.2) 1.2(1.0) 2.5(1.9) 0.7 (0.6) 1.4(1.1) 1.9(1.5) 1.1(0.9) 
30 CgelTOdoc 0.2(0.0) 0.8(0.4) 2.9(1.3) 1.7(0.7) 1.7(0.7) 1.4(0.6) 2.0(1.2) 0.7 (0.3) 1.3(0.6) 1.7(0.9) 1.1(0.5) 
31 CgelTOext 0.0(0.0) 0.6(0.6) 6.1(4.0) 1.4(1.1) 1.4(1.1) 1.1(0.9) 2.3(1.8) 0.7 (0.6) 1.3(1.1) 1.9(1.5) 1.1(0.9) 
32 CbacTOres 20.2(11.5) 32.5(16.7) 58.0(29.4) 33.7(16.9) 33.7(16.9) 29.1(12.5) 42.3(18.1) 58.3 (26.0) 30.5(21.6) 59.6(17.2) 45.4(18.7) 
33 CbacTOmic 0.7(0.6) 1.5(1.0) 3.7(2.5) 2.4(1.7) 2.4(1.7) 6.3(3.8) 0.3(0.3) 2.0 (1.3) 2.4(1.6) 1.6(1.1) 1.7(1.2) 
34 CbacTOgel 1.1(0.7) 1.2(0.9) 3.3(2.4) 2.2(1.6) 2.2(1.6) 2.8(2.0) 4.1(0.3) 1.5 (1.0) 1.7(1.4) 1.6(1.1) 1.5(1.1) 
35 CbacTOdet 1.2(0.8) 1.6(1.0) 3.7(2.5) 2.4(1.7) 2.4(1.7) 6.6(3.9) 0.4(0.3) 2.2 (1.4) 2.3(1.6) 1.7(1.2) 1.7(1.2) 
36 CbacTOdoc 12.5(9.4) 23.3(14.4) 37.2(26.2) 36.3(26.7) 36.3(26.7) 35.2(25.9) 23.1(17.8) 19.8 (14.3) 21.2(16.2) 17.6(13.1) 23.7(16.0) 
37 CdetTOmic 1.3(1.1) 53.4(18.3) 49.0(25.5) 23.4(16.9) 23.4(16.9) 41.2(18.7) 24.1(18.4) 12.7 (9.8) 114.6(65.1) 7.8(5.5) 25.2(18.5) 
38 CdetTOmes 0.7(0.6) 2.6(1.9) 3.9(2.9) 9.6(6.1) 9.6(6.1) 10.3(6.3) 17.7(10.5) 10.3 (6.4) 27.0(18.7) 16.7(11.2) 35.0(13.1) 
39 CdetTOdoc 0.6(0.6) 102.4(13.9) 37.5(13.5) 8.5(6.4) 8.5(6.4) 13.4(8.0) 11.2(7.6) 41.8 (7.2) 46.5(27.9) 97.6(10.0) 44.0(10.1) 
40 CdetTOext 55.6(0.0) 31.1(0.0) 45.5(0.0) 28.6(0.0) 28.6(0.0) 23.2(0.0) 17.9(0.0) 15.1 (0.0) 19.7(0.0) 7.9(0.0) 5.3(0.0) 
41 CdocTObac 35.7(14.6) 60.0(18.2) 105.9(40.3) 77.0(34.4) 77.0(34.4) 80.0(31.6) 70.1(18.4) 83.7 (26.9) 58.3(27.7) 82.0(12.4) 74.0(20.8) 
42 CdocTOext 24.9(14.0) 148.1(33.1) 39.2(21.9) 31.4(16.4) 31.4(16.4) 20.2(13.0) 40.1(19.9) 45.3 (28.5) 150.0(29.7) 133.1(35.6) 89.2(23.2) 
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Table 4.5 The coefficient of variation calculated for each modelled flow. 
# Flows 
Spr11
StnC 
Spr11
StnE 
Spr11
StnB 
Sum11
StnC 
Sum11
StnE 
Sum11
StnB 
Spr12
StnC 
Spr12
StnB 
Sum12
StnC 
Sum12
StnE 
Sum12
StnB 
1 CGSmTOSmP 0.13 0.16 0.14 0.13 0.14 0.13 0.12 0.13 0.19 0.15 0.13 
2 CSmPTOres 0.40 0.39 0.54 0.41 0.50 0.50 0.40 0.47 0.53 0.53 0.45 
3 CSmPTOmic 0.06 0.22 0.45 0.07 0.08 0.64 0.01 0.02 0.25 0.04 0.09 
4 CSmPTOgel 0.60 0.58 0.51 0.57 0.63 0.65 0.05 0.68 0.60 0.58 0.62 
5 CSmPTOdet 0.58 0.02 0.25 0.09 0.67 0.38 0.79 0.68 0.38 0.66 0.68 
6 CSmPTOdoc 0.39 0.46 0.60 0.42 0.45 0.47 0.47 0.56 0.50 0.69 0.54 
7 CGLgTOLgP 0.15 0.15 0.15 0.14 0.16 0.14 0.15 0.15 0.14 0.15 0.12 
8 CLgPTOres 0.48 0.48 0.47 0.47 0.48 0.47 0.47 0.47 0.45 0.47 0.52 
9 CLgPTOmic 0.08 0.61 0.69 0.66 0.19 0.70 0.64 0.14 0.65 0.29 0.10 
10 CLgPTOmes 0.86 0.79 0.78 0.79 0.80 0.73 0.85 0.76 0.75 0.73 0.73 
11 CLgPTOgel 0.62 0.67 0.64 0.70 0.62 0.76 0.65 0.70 0.65 0.61 0.64 
12 CLgPTOdet 0.59 0.61 0.56 0.72 0.70 0.69 0.85 0.70 0.72 0.64 0.77 
13 CLgPTOdoc 0.43 0.53 0.51 0.49 0.51 0.49 0.50 0.53 0.46 0.52 0.51 
14 CmicTOres 0.10 0.36 0.23 0.25 0.19 0.26 0.14 0.07 0.23 0.02 0.08 
15 CmicTOmes 0.07 0.22 0.23 0.29 0.28 0.38 0.31 0.23 0.40 0.22 0.31 
16 CmicTOdet 0.02 0.48 0.46 0.53 0.35 0.54 0.33 0.16 0.52 0.14 0.29 
17 CmicTOdoc 0.16 0.43 0.37 0.31 0.25 0.30 0.25 0.23 0.38 0.20 0.23 
18 CmesTOres 0.00 0.16 0.25 0.24 0.17 0.18 0.09 0.21 0.28 0.27 0.27 
19 CmesTOarw 0.00 0.13 0.64 0.57 0.11 0.10 0.21 0.05 0.11 0.15 0.13 
20 CmesTOdet 0.00 0.28 0.41 0.38 0.29 0.29 0.32 0.34 0.41 0.42 0.41 
21 CmesTOdoc 0.00 0.22 0.32 0.34 0.23 0.24 0.25 0.27 0.32 0.31 0.33 
22 CmesTOext 0.88 0.87 0.76 0.71 0.82 0.79 0.71 0.77 0.74 0.74 0.84 
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23 CarwTOres 0.09 0.16 0.28 0.33 0.08 0.21 0.33 0.31 0.32 0.32 0.32 
24 CarwTOdet 0.10 0.63 0.72 0.75 0.51 0.62 0.73 0.76 0.76 0.76 0.76 
25 CarwTOdoc 0.23 0.31 0.38 0.38 0.25 0.36 0.38 0.38 0.38 0.38 0.37 
26 CarwTOext 0.86 0.59 0.72 0.77 0.66 0.66 0.77 0.75 0.77 0.75 0.75 
27 CgelTOres 0.00 0.31 0.03 0.33 0.32 0.32 0.29 0.34 0.33 0.28 0.33 
28 CgelTOarw 0.00 0.47 0.47 0.58 0.65 0.67 0.76 0.77 0.79 0.76 0.80 
29 CgelTOdet 0.88 0.88 0.55 0.73 0.83 0.83 0.74 0.83 0.80 0.80 0.81 
30 CgelTOdoc 0.03 0.44 0.46 0.51 0.41 0.39 0.58 0.46 0.50 0.55 0.47 
31 CgelTOext 0.89 0.86 0.64 0.75 0.84 0.84 0.79 0.81 0.82 0.79 0.80 
32 CbacTOres 0.57 0.51 0.51 0.48 0.50 0.43 0.43 0.45 0.71 0.29 0.41 
33 CbacTOmic 0.82 0.67 0.68 0.70 0.69 0.61 0.78 0.67 0.66 0.72 0.68 
34 CbacTOgel 0.66 0.75 0.73 0.73 0.71 0.70 0.08 0.72 0.77 0.70 0.75 
35 CbacTOdet 0.62 0.66 0.68 0.67 0.68 0.59 0.78 0.62 0.69 0.68 0.67 
36 CbacTOdoc 0.75 0.62 0.70 0.70 0.74 0.74 0.77 0.72 0.76 0.75 0.68 
37 CdetTOmic 0.87 0.34 0.52 0.49 0.72 0.45 0.77 0.77 0.57 0.70 0.74 
38 CdetTOmes 0.85 0.73 0.74 0.63 0.64 0.62 0.59 0.62 0.69 0.67 0.37 
39 CdetTOdoc 0.87 0.14 0.36 0.64 0.75 0.59 0.68 0.17 0.60 0.10 0.23 
40 CdetTOext 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
41 CdocTObac 0.41 0.30 0.38 0.42 0.45 0.40 0.26 0.32 0.48 0.15 0.28 
42 CdocTOext 0.56 0.22 0.56 0.42 0.52 0.65 0.50 0.63 0.20 0.27 0.26 
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Table 4.6 Indices of fractional flows calculated for the heterotrophic compartments. 
Stations Fmic (%) Fmes (%) Farw (%) Fgel (%) Fbac (%) 
Spr11-StnC 62 16 15 7 38 
Spr11-StnE 71 15 8 6 32 
Spr11-StnB 64 14 4 17 66 
Sum11-StnC 69 21 4 6 61 
Sum11-StnE 59 24 11 7 68 
Sum11-StnB 57 25 11 7 88 
Spr12-StnC 65 24 5 7 54 
Spr12-StnB 68 22 7 2 58 
Sum12-StnC 69 25 3 3 25 
Sum12-StnE 66 25 4 4 33 
Sum12-StnB 52 40 4 4 42 
Avg. (±SD) 64(±6) 23(±7) 7(±4) 6(±5) 52(±20) 
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Table 4.7 Trophic structure analyses calculated by ecological network analyses. 
 
 
 
 
 
 
 
Stations Herbivory Detritivory 
Spr11-StnC 31.7 14.0 
Spr11-StnE 6.7 31.8 
Spr11-StnB 22.1 45.8 
Sum11-StnC 24.1 43.8 
Sum11-StnE 30.9 33.7 
Sum11-StnB 18.6 58.0 
Spr12-StnC 33.1 28.7 
Spr12-StnB 34.3 26.9 
Sum12-StnC 24.6 33.5 
Sum12-StnE 34.9 16.1 
Sum12-StnB 33.0 27.7 
AVG(±SD) 26.6(±8.7) 33.3(±13.4) 
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Fig. 4.1 Food web for Spr11-StnC in the center of eddy AC1. 
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Fig. 4.2 Sensitivity analyses for Sum11-StnB and Spr12-StnB. 
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Fig. 4.3 Fate of primary production by small and large phytoplankton. 
  141
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4 Zooplankton diet composition. 
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Fig. 4.5 Calculated respiration rates. 
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Fig. 4.6 Export fluxes. 
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Fig. 4.7 Network analysis calculations of effective trophic levels. 
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Fig. 4.8 Input-output calculations of TST and C export pathways. 
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Fig. 4.9 Bivariate plots of mesozooplankton grazing, TST and e-ratios. 
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CHAPTER 5 
CONCLUSION 
The biological pump describes the complex interactions in the ocean surface responsible 
for the draw-down of inorganic carbon from the atmosphere and eventual export to depth 
as particulate (POC) or dissolved (DOC) organic carbon. Our results demonstrate how 
phytoplankton communities in the Sargasso Sea are impacted by multiple environmental 
factors over a variety of time and space scales. Mesoscale eddies act on shorter 
timescales and over smaller spatial scales than basin-wide seasonal hydrographic 
changes, but are important features due to their pervasiveness (Richardson 1993). We 
found that in eddies between-cast variability represented short-term temporal changes in 
a particular water mass. This differed from our Eulerian sampling at the BATS station; 
there daily changes demonstrated spatial heterogeneity as water masses moved passed 
our fixed position. Both our Lagrangian (eddy) and Eulerian (BATS) sampling revealed 
significant variability in phytoplankton biomass between successive casts. 
 The variability in our system made it challenging to draw comparisons between 
individual stations. This was evident in our description of phytoplankton community 
composition, bulk and size-fractionated measurements of chl-a biomass and PP as well as 
the structure of each food web. However, we did identify several unifying characteristics 
over our cruises, namely dominance of the picophytoplankton size class, both in terms of 
biomass and production. This set up a food web structure where microbial pathways were
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prominent; microzooplankton processed the majority of carbon consumed. As large 
phytoplankton were rare in our study, most carbon was therefore transferred to higher 
trophic levels by the microbial food web. Diet composition analyses showed 
mesozooplankton relied primarily on microzooplankton prey items. We also found 
detritus played an important role in the transfer of carbon in our system. 
 We considered how these trophic interactions impacted carbon export by looking 
more closely at two stations. In summer 2012 we witnessed an increase in phytoplankton 
chl-a biomass associated with the edge of anticyclone AC2 that was interacting with a 
nearby cyclone. Though this response was outside of the eddy core where isopycnal 
displacement should be greatest, we also observed a shift in the composition of the 
cyanobacteria community at the interaction zone that we infer was due to sub-mesoscale 
mixing (Klein et al. 2008). This eddy-eddy interaction in summer 2012 resulted in high 
production rates yet low export (e-ratio = 0.03). We found this likely was due to the high 
grazing activities of the mesozooplankton (80 mg C m
-2
 d
-1
)
 
that resulted in large food 
webs, meaning more carbon was transformed by trophic interactions prior to export. In 
fact, in our study, the largest export event occurred in spring 2011, at the center of a 
downwelling anticyclone where mesozooplankton grazing rates were low (12 mg C m
-2
 d
-
1
). We hypothesize that detrital aggregates escaped grazing and were exported to depth. 
De Martini (2016) demonstrated that Synechococcus were not completely grazed on our 
spring cruises, and found their sequences were overrepresented in trap samples. Previous 
studies in the Sargasso Sea have indicated that the majority of carbon export is not 
facilitated by fecal pellets, but rather via the sinking of aggregates containing small 
phytoplankton (Lomas and Moran 2011). Decadal increases in mesozooplankton biomass 
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at the BATS station have been linked to increased stratification indices that reduce 
nutrient supply rates, thus favoring small phytoplankton and microbial food webs 
(Steinberg et al. 2012). Therefore, in the context of a changing climate that promotes 
stratification by warming of the surface ocean, we expect the trends described here will 
likely persist in the future. 
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APPENDIX A – CHAPTER 2 SUPPLEMENTAL MATERIAL 
Table A.1 Initial ratios of accessory pigments to chlorophyll a used in CHEMTAX analyses (15 iterations performed). 
Class pras viol diad allo diat lut zea c3 c1,2 peri bfuc fuco hfuc neo chlb bcar chla 
Cyanobacteria 
Type 1 
      0.215          1 
Cyanobacteria 
Type 2 
      0.656         0.118 1 
Cyanobacteria 
Type 4 
      0.389         0.030 1 
Prasinophytes 
Type 1 
 0.078     0.011       0.031 0.686  1 
Prasinophytes 
Type 2 
 0.069             0.977  1 
Prasinophytes 
Type 3 
0.222 0.099    0.011 0.057       0.093 0.911 0.004 1 
Cryptophytes 
Type 1 
   0.253     0.104        1 
Diatoms 
Type 1 
 0.001 0.163  0.028  0.003  0.266   0.775    0.019 1 
Diatoms 
Type 2 
       0.083 0.284   0.998     1 
Pelagophytes 
Type 1 
  0.182  0.057   0.149 0.289  0.847 0.365 0.067 0.182  0.011 1 
Haptophytes 
Type 4 
       0.081 0.149   0.495     1 
Haptophytes 
Type 6 
  0.109     0.146 0.168  0.015 0.195 1.214   0.021 1 
Haptophytes 
Type 7 
       0.136 0.198  0.012 0.199 0.794    1 
Dinoflagellates 
Type 2 
  0.079     0.205 0.125  0.079 0.219 0.135    1 
Dinoflagellates 
Type 1 
  0.253  0.046    0.218 0.558      0.026 1 
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Table B.1 Author’s copyright information from Elsevier, the publisher of Deep-Sea Research Part I. 
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APPENDIX C – CHAPTER 3 SUPPLEMENTAL MATERIAL 
 
 
 
 
Fig. C.1 The primary productivity array or “sundial” 
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Table C.1. Summary of the Dunnett’s T3 post hoc analyses for select variables. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable 
Depth 
(m) 
Mean 20 m 50 m 80 m 
 
 Tchl-a 20 10.1 - - -  
 
 
50 20.0 0.013 - -  
 
 
80 37.6 0.000 0.000 -  
 
 
100 40.4 0.000 0.000 1.000  
 TPP 20 25.7 - - -  
 
 
50 35.6 0.002 - -  
 
 
80 28.6 1.000 0.083 -  
 
 
100 15.7 0.003 0.000 0.000  
 Pico P
Chl
 20 *23.4 - - -  
 
 
50 13.6 0.359 - -  
 
 
80 5.3 0.004 0.100 
 
 
 
 
100 1.6 0.001 0.007 0.004  
 Micro P
Chl
 20 *86.8 - - -  
 
 
50 13.2 0.026 - -  
 
 
80 13.2 0.026 1.000 -  
 
 
100 2.6 0.011 0.217 0.380  
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Table C.2 Results of the Dunnett’s T3 post hoc analysis testing differences in flow cytometry data 
 
Variables 
Depths 
(m) 
Mean 1 m 20 m 50 m 80 m  
 
Pro RFU 1 3.51 - - - -  
 
 20 3.52 1.000 - - -  
 
 50 4.92 0.140 0.153 - -  
 
 80 42.82 0.028 0.028 0.034 -  
 
 100 108.51 0.000 0.000 0.000 0.001  
 
Pro POC 1 27.28 - - - -  
 
 20 24.07 0.499 - - -  
 
 50 17.1 0.002 0.056 - -  
 
 80 50.63 0.510 0.379 0.180 -  
 
 100 106.2 0.002 0.001 0.001 0.057  
 
Syn RFU 1 45.8 - - - -  
 
 20 43.74 1.000 - - -  
 
 50 58.73 0.617 0.414 - -  
 
 80 326.36 0.001 0.001 0.002 -  
 
 100 550.96 0.000 0.000 0.000 0.115  
 
Peuk RFU 1 790.7 - - - -  
 
 20 830.56 1.000 - - -  
 
 50 1071.85 0.109 0.282 - -  
 
 80 1875.94 0.023 0.029 0.113 -  
 
 100 2705.82 0.000 0.001 0.002 0.311  
 
Neuk RFU 1 3270.62 - - - -  
 
 20 3394.5 1.000 - - -  
 
 50 5236.43 0.016 0.029 - -  
 
 80 6246.07 0.000 0.000 0.597 -  
 
 100 7081.91 0.000 0.000 0.047 0.719  
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Table C.3. Results of the Dunnett’s T3 post hoc analysis testing phytoplankton growth rates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Variable Depth (m) Mean 20 m 50 m 80 m  
  20 0.25 - - -  
 
 
50 0.17 0.719 - -  
 
 
80 0.14 0.135 0.923 -  
 
 
100 0.05 0.001 0.033 0.020  
 
 
 
    
 
 Variable Cruise Mean AE1102 AE1118 AE1206  
 at20 m AE1102 0.13 - - -  
 
 
AE1118 0.14 1 - -  
 
 
AE1206 0.17 0.989 0.996 -  
 
 
AE1219 0.44 0.010 0.009 0.091  
 
      
 
  at 50 m AE1102 0.08 - - -  
 
 
AE1118 0.08 1 - -  
 
 
AE1206 0.11 0.997 0.995 -  
 
 
AE1219 0.33 0.017 0.017 0.323  
 
   
   
 
  at 80 m AE1102 nd nd nd nd  
 
 
AE1118 0.1 nd - -  
 
 
AE1206 0.22 nd 0.711 -  
 
 
AE1219 0.14 nd 0.012 0.051  
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Table C.4 Published studies that took concurrent measurements of size-fractionated phytoplankton biomass (as chl-a) and primary productivity. 
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Table C.5. Summary of the statistical analyses performed on data derived from literature sources. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ANOVA        
 Variable df F p     
 %Tchl-a 4(55) 15.795 0.000     
 %TPP 4(55) 11.933 0.000     
         
 Dunnett's T3        
 Variable: % Tchl-a       
 Group Tchl-a range Mean a b c d  
 a 0 – 0.25 28.5 - - - -  
 b 0.25 – 0.5 41.5 0.34 - - -  
 c 0.5 – 1.0 52.6 0.009 0.767 - -  
 d 1.0 – 2.0 69.4 0 0.005 0.213 -  
 e > 2.0 77.3 0 0 0.014 0.873  
 Variable: % TPP        
 Group Tchl-a range Mean a b c d  
 a 0 – 0.25 36.3 - - - -  
 b 0.25 – 0.5 46.2 1 - - -  
 c 0.5 – 1.0 58.5 0.011 0.504 - -  
 d 1.0 – 2.0 69.6 0.001 0.025 1 -  
 e > 2.0 78 0 0 0.046 1  
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APPENDIX D – CHAPTER 4 SUPPLEMENTAL MATERIAL 
Table D.1. Bacterial production (BP) rates integrated to 100 meters used in the model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Station Sampling 
Dates 
BP 
 (mg C m-2 d-1) 
Station 
averages 
(±SD) 
Spr11-StnC 2/25/11 3.1  
Spr11-StnE 2/27/11 4.3  
Spr11-BATS 3/2/11 10.6  
Sum11-StnC 7/23/11 2.8  
 7/25/11 15.1 9.0(±8.7) 
Sum11-StnE 7/28/11 7.0  
Sum11-BATS 7/31/11 15.0  
 8/2/11 16.5 15.8(±1.1) 
Spr12-StnC 3/15/12 4.2  
 3/17/12 5.3 4.8(±0.8) 
Spr12-BATS 3/19/12 8.8  
 3/21/12 2.5 5.7(±4.5) 
Sum12-StnC 7/20/12 6.3  
 7/22/12 6.8 6.6(±0.4) 
Sum12-StnE 7/24/12 4.8  
 7/26/12 4.9 4.9(±0.1) 
Sum12-BATS 7/28/12 4.8  
 7/30/12 5.1 5.0(±0.2) 
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Table D.2. Mesozooplankton abundances and carbon biomass. 
     
Station averages (± SD)  
Station Sampling 
Dates 
Local Time 
(Deployed) 
Mes-C     
(mg C m-3) 
Mes abund 
(# m-3) 
Mes-C        
(mg C m-2) 
Mes abund 
(# x104 m-2) 
T 
(°C) 
Spr11-
StnC 
2/24/2011 08:55 0.199 110.87    
  9:38 0.055 88.80    
 2/25/2011 23:18 0.186 191.28    
  23:49 0.262 416.64 17.5(±8.7) 2.0(±1.5) 21.0 
Spr11-
StnE 
2/26/2011 14:00 0.298 185.68    
  14:36 0.182 239.23    
 2/27/2011 22:19 0.312 257.89    
  23:07 0.166 57.05 24.0(±7.6) 1.6(±0.9) 20.6 
Spr11-
BATS 
2/28/2011 10:10 0.329 402.27    
  10:45 0.230 161.41    
 3/1/2011 23:32 0.414 154.31    
 3/2/2011 14:00 0.700 205.39 41.8(±20.2) 2.3(±1.2) 19.2 
Sum11-
StnC 
7/22/2011 23:38 1.415 268.69    
 7/23/2011 0:26 0.698 279.58    
 7/24/2011 16:18 0.545 264.19    
  17:02 0.469 265.79 78.2(±43.3) 2.7(±0.1) 21.8 
Sum11-
StnE 
7/25/2011 13:56 0.541 282.36    
  14:41 0.514 341.61    
 7/26/2011 22:16 0.615 342.68    
  23:01 0.750 597.77 60.5(±10.6) 3.9(±1.4) 21.9 
Sum11-
BATS 
7/30/2011 22:00 0.649 353.61    
  22:44 0.817 461.23    
 7/31/2011 13:00 0.653 313.97    
  13:47 0.951 472.43 76.8(±14.5) 4.0(±0.8) 21.7 
Spr12-
StnC 
3/14/2012 22:03 1.470 332.39    
  22:45 4.022 481.09    
  23:18 1.496 393.57    
 3/15/2012 10:07 0.861 293.76    
  10:54 0.686 460.37    
 3/17/2012 14:01 1.178 311.73    
  15:06 0.429 249.16    
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  22:30 0.737 400.28    
  23:17 0.623 276.28 127.8(±110) 3.6(±0.8) 19.6 
Spr12-
BATS 
3/19/2012 10:57 0.622 295.55    
  11:46 0.293 506.60    
  22:03 0.705 309.49    
  22:50 1.409 485.12    
 3/22/2012 10:17 0.558 399.21    
  11:00 0.554 337.31    
  21:57 1.068 531.27    
  22:43 1.295 501.43 79.2(±537.7) 4.2(±1.0) 20.4 
Sum12-
StnC 
7/20/2012 10:09 2.192 358.12    
  11:05 3.476 195.16    
  22:02 1.607 269.98    
  22:55 0.920 395.68 204.9(±108) 3.1(±0.9) 23.7 
Sum12-
StnE 
7/23/2012 22:05 2.202 250.65    
  22:59 1.789 253.91    
 7/24/2012 10:00 2.377 458.93    
  10:54 1.760 241.63    
 7/26/2012 23:12 0.796 261.06 168.4(±59.2) 2.9(±0.9) 25.2 
Sum12-
BATS 
7/27/2012 0:12 1.237 237.56    
  10:01 1.893 423.01    
  11:09 2.255 380.18    
 7/28/2012 10:47 2.076 318.38    
  11:44 2.056 326.50    
 7/30/2012 22:02 1.610 299.50    
  23:14 1.931 363.63 197.0(±21.8) 3.4(±0.5) 22.8 
   Averages  (± stdev) 98.1±67.0 3.1±0.8  
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Table D.3. Arrow worm and gelatinous zooplankton abundances. 
     
Station averages (± SD) 
Station Sampling 
Dates 
Local 
Time 
Mac abund 
(# m-3) 
Jel abund (# 
m-3) 
Mac abund 
(# x103 m-2) 
Jel abund (# 
x103 m-2) 
Spr11-
StnC 
2/24/2011 08:55 
6.41 7.69   
  9:38 10.94 3.22   
 2/25/2011 23:18 21.42 3.06   
  23:49 35.00 8.04 1.8(±1.3) 0.6(±0.3) 
Spr11-
StnE 
2/26/2011 14:00 
1.91 2.87   
  14:36 6.75 3.94   
 2/27/2011 22:19 32.18 17.36   
  23:07 8.47 5.79 1.2(±1.4) 0.8(±0.7) 
Spr11-
BATS 
2/28/2011 10:10 
18.78 39.53   
  10:45 9.35 33.65   
 3/1/2011 23:32 1.74 3.05   
 3/2/2011 14:00 10.67 2.67 1.0(±0.7) 2.0(±2.0) 
Sum11-
StnC 
7/22/2011 23:38 
12.35 11.03   
 7/23/2011 0:26 18.09 15.83   
 7/24/2011 16:18 8.08 13.78   
  17:02 8.16 18.65 1.2(±0.5) 1.5(±0.3) 
Sum11-
StnE 
7/25/2011 13:56 
6.74 16.48   
  14:41 19.15 25.33   
 7/26/2011 22:16 24.79 13.28   
  23:01 53.16 29.29 2.6(±2.0) 2.1(±0.8) 
Sum11-
BATS 
7/30/2011 22:00 
27.03 15.20   
  22:44 17.80 5.93   
 7/31/2011 13:00 14.91 15.70   
  13:47 29.42 36.15 2.2(±0.7) 1.8(±0.7) 
Spr12-
StnC 
3/14/2012 22:03 
9.96 19.91   
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  22:45 24.19 17.28   
  23:18 15.39 18.74   
 3/15/2012 10:07 25.46 24.36   
  10:54 29.62 30.42   
 3/17/2012 14:01 22.20 9.45   
  15:06 14.82 14.12   
  22:30 15.43 4.29   
  23:17 8.87 4.09 1.8(±0.7) 1.6(±0.9) 
Spr12-
BATS 
3/19/2012 10:57 
14.30 4.77   
  11:46 43.64 7.70   
  22:03 20.40 6.99   
  22:50 23.29 13.58   
 3/22/2012 10:17 8.79 5.28   
  11:00 14.05 5.50   
  21:57 21.97 8.99   
  22:43 21.49 12.28 2.1(±1.0) 0.8(±0.3) 
Sum12-
StnC 
7/20/2012 10:09 
21.11 29.55   
  11:05 10.59 3.90   
  22:02 16.69 1.45   
  22:55 22.52 11.26 1.8(±0.5) 1.2(±1.3) 
Sum12-
StnE 
7/23/2012 22:05 
18.65 10.49   
  22:59 22.85 10.44   
 7/24/2012 10:00 28.54 20.83   
  10:54 15.15 8.93   
 7/26/2012 23:12 14.60 11.87 2.0(±0.5) 1.3(±0.4) 
Sum12-
BATS 
7/27/2012 0:12 
20.69 12.01   
  10:01 1.83 17.12   
  11:09 13.55 9.93   
 7/28/2012 10:47 12.27 9.69   
  11:44 26.56 14.06   
 7/30/2012 22:02 10.70 4.50   
  23:14 13.56 16.10 1.4(±0.8) 1.2(±0.5) 
   Averages  (± stdev) 1.7±0.5 1.3±0.5 
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Table D.4. Sediment trap POC export rates (in mg C m
-2
 d
-1
) at 150 meters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Station Dates 
deployed 
Trap 
Triplicates 
Averages 
(±SD) 
e-ratio 
Spr11-StnC In: 2/24/11 --   
 Out: 2/26/11 39.55   
  71.60 55.6 (±22.7) 0.59 
Spr11-StnE In: 2/27/11 6.40   
 Out: 2/28/11 35.98   
  26.28 22.9 (±15.1) 0.12 
Spr11-BATS In: 3/2/11 51.96   
 Out: 3/5/11 43.81   
  40.83 45.5 (±5.8) 0.28 
Sum11-StnC In: 7/23/11 28.87   
 Out: 7/26/11 25.31   
  22.16 25.4 (±3.4) 0.17 
Sum11-StnE In: 7/27/11 44.61   
 Out: 7/29/11 31.13   
  19.71 31.8 (±12.5) 0.28 
Sum11-BATS In: 7/30/11 --   
 Out: 8/1/11 29.46   
  16.91   
 In: 8/2/11 13.82   
 Out: 8/4/11 --   
  18.39 19.7 (±14.5) 0.22 
Spr12-StnC In: 3/14/12 16.38   
 Out: 3/17/11 19.33   
  -- 17.9 (±2.1) 0.13 
Spr12-BATS In: 3/19/12 15.52   
 Out: 3/22/12 14.70   
  14.94 15.1 (±0.4) 0.10 
Sum12-StnC In: 7/20/12 24.67   
 Out: 7/22/12 18.06   
  22.88 21.9 (±3.4) 0.09 
Sum12-StnE In: 7/23/12 7.68   
 Out: 7/26/12 9.09   
  6.89 7.9 (±1.1) 0.03 
Sum12-BATS In: 7/27/12 5.73   
 Out: 7/30/12 5.09   
  5.12 5.3 (±0.4) 0.03 
 
Average (±stdev) 24.0 (±14.5) (0.19±0.16) 
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Table D.5. Mass balance equations used in the inverse analysis. 
 
 
 
 
 
 
 
 
 
Mass 
Balance Equation 
piP gPi - piPTOres - piPTOmic - piPTOjel - piPTOdet - piPTOdoc 
lgP gLg - lgPTOres - lgPTOmic - lgPTOmes - lgPTOtun - lgPTOdet - lgPTOdoc 
bac docTObac - bacTOres - bacTOmic - bacTOjel - bacTOdet - bacTOdoc 
mic piPTOmic + lgPTOmic + bacTOmic + detTOmic - micTOres - micTOmes - micTOdet - micTOdoc  
mes lgPTOmes + micTOmes + detTOmes - mesTOres - mesTOarw - mesTOdet - mesTOdoc - mesTOext 
arw mesTOarw + jelTOarw + detTOarw- arwTOres - arwTOdet - arwTOdoc - arwTOext 
jel piPTOjel + lgPTOjel + bacTOjel - jelTOres - jelTOarw -jelTOdet - jelTOdoc - jelTOext 
det piPTOdet + lgPTOdet + micTOdet + mesTOdet + arwTOdet + jelTOdet + bacTOdet - detTOmic - detTOmes - detTOarw - detTOdoc - detTOext 
doc piPTOdoc + lgPTOdoc + micTOdoc + mesTOdoc + arwTOdoc + jelTOdoc + bacTOdoc - docTObac - docTOext 
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Table D.6. Biological constraints on flows in the inverse analysis 
Constraint Bound Equation Reference(s) 
Respiration    
Bacteria lower 20% DOC consumed Vézina and Pace (1994), Vézina et al. (2000)  
 upper* (1.7*(bacC)-0.25EXP(0.0693)(T-20)))Cbacteria Moloney and Field (1989) 
All phytoplankton sizes lower 5% of GPP Vézina and Platt (1988) 
 upper 30% of GPP Vézina and Platt (1988) 
Micro- meso- and macrozooplankton lower 20% C consumed Vézina and Pace (1994), Vézina et al. (2000)  
 upper** (14*(indC)-0.25EXP(0.0693)(T-20)))Ctot Moloney and Field (1989) 
Tunicates lower 20% C consumed Stone and Steinberg (2016) 
 upper*** 2.2% tunicate body C h-1 Cetta (1986), Madin and Purcell (1992) 
Excretion    
All phytoplankton sizes lower 2% of NPP Baines and Pace (1991) 
 upper 55% of NPP Baines and Pace (1991) 
Micro- meso- and macrozooplankton lower 10% of total C uptake Vézina and Pace (1994) 
 upper 100% of respiration Vézina and Pace (1994) 
Tunicates lower 10% of total C uptake Schneider (1992), Vézina and Pace (1994),  
 upper 0.182 mg body C h-1 g dry weight-1 Condon et al. (2011) 
Assimilation efficiency    
Micro- and mesozooplankton lower C output to det ≤ 50% total C uptake Vézina and Platt (1988) 
 upper C output to det ≥ 10% total C uptake Vézina and Platt (1988) 
Tunicates lower C output to det ≤ 40% total C uptake Madin and Purcell (1992), Bochdansky et al. (1999) 
 upper C output to det ≥ 10% total C uptake Vézina and Platt (1988), Schneider (1992) 
Production efficiency    
Bacteria lower Bac to DOC + bac to res ≤ 95% DOC to bac Vézina and Platt (1988) 
 upper Bac to DOC + bac to res ≥ 50% DOC to bac Vézina and Platt (1988) 
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*bacC = 4.5 fg C cell
-1
 and Cbacteria = bacterial biomass in mg C m
-2
 
**indC =  pg of C/individual  (micro-, meso- or macrozooplankton), Ctot = total population biomass in mg C m
-2 
(of the micro-, meso- or macrozooplankton 
***tunicate body C = g of C/individual tunicate where body C of larvaceans = 10 g C ind-1 (Sato et al. 2004) and salps = 16 g C ind-1 (Stone & Steinberg 
 
 
 
